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GEORGIA TECH RESEARCH INSTITUTE 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
September 9, 1985 
Dr. Kenneth A. Maloney 
Polaroid Corporation 
Microelectronics/Materials Center 
21 Osborn Street, Dept. 775 
Cambridge, Massachusetts 02139 
Dear Ken: 
I enclo$e progress reports for July and August which 
effectively constitute the first quarterly report, as we 
have discussed. In October I hope to send you the second 
quarterly report which will bring us closer to the original 
schedule. 
The MBE growth runs are proceeding and we intend to 
have sufficient data by the end of September to warrant 




Christ~r J. Summers 
Chief, 
Physical Sciences Division 
Georgia Institute of Technology is an equal education/employment opportunity institution of the University System of Georgia. 
Georgia Tech Research Institute formerly was the Engineering Experiment Station, 
Proqress Report 
High Performance Photodiodes 
Polaroid Corporation 
July 1985 
Pursuant to the discussion on July 15th with member::; of Polaroid's 
technical staff a careful review of the existing information on noise theory 
in photodetectors was made. Specifically, the paper entitled "Multiplication 
Noise in Uniform Avalanche Diodes", by R. J. Mcintyre was E!Xamined and the 
argument traced step by step. This paper determines the !3pectral density 
of the noise generated in a uniform APD. The noise is predominantly "shot 
noise" arising fro:rt;L. the randomly occuring ionization events within the 
active region of the diode. In other words, random spatially occuring 
ionization events give rise to fluctuation in the gain which produces the 
noise in the device. The noise is of shot noise origin since each ionization 
event is random and considered instantaneous. The statistical variation 
of the multiplication rate from the average carrier mul t:iplication rate 
is responsible for the increased noise. 
Mcintyre finds that if the electron, ex , and hole, f3 , ionization rates 
are approximately equal then the excess noise factor is a maximum. 
Consequently for low noise performance in a uniform APD it is essential 
that ex and f3 be vastly different. 
An alternative means of reducing the excess noise fac1:or is to design 
a device in which carrier multiplication (electrons) can occur at only 
a small number of discrete locations in the device such as in a 
photomultiplier. In a photomultiplier the variability of the number of 
electrons generated per detected photon is minimized since multiplication 
occurs only at fixed grids within the device. Existing photomultipliers 
however are large and cumbersome producing a need for a compact solid state 
device. Recent work by Capasso, Williams and Tsang suggests that a solid 
state photomultiplier can be made usinq a graded gap superlattice APD. The 
excess noise in this device will be lower than in a conventional APD since 
the variability, and hence the gain fluctuation, of the number of electrons 
generated per photon is reduced. 
The excess noise factor can be express as 
Fe =<Nm2> /<Nm>2 
where Nm is the mean electron count or the total number of electrons 
generated at the output of an m-stage device. 
If the device balances as a photomultiplier then the excess noise 
factor can be expressed as 
2 P>O 
(l+P) ; 
for an infinite stage device. P is the probability that a primary electron 
will generate a secondary electron at each stage. Clearly if P=l or P=O 
At either of these two extremes the device is completely 
deterministic, no random fluctuations exist, and hence the excess noise 
vanishes. 
It is important to note that to produce a noiseless solid state APD 
it is necessary to fulfill two condi·tions: 1) the hole ionization rate 
in the device should be essentially nonexistent and 2) the gain per stage 
should be 2, P=l. If these conditions can be met or reasonably met an 
extremely low noise detector can be produced. 
Dr. K. Brennan 
Dr. C.J. Summers 
Progress Report 
High Performance Photodiodes 
Polaroid Corporation 
August 1985 
As discussed in the report for July 1985, low noise performance 
of avalanche photodiode detectors can be achieved in uniform structures 
if the hole ionization rate vanishes. This condition is also of importance 
to low noise performance in a solid state photomultiplier. The GaAs/AlGaAs 
material system has ... been chosen as a ·potential candidate for low noise, 
superlattice APDs. It is therefore importan·t to know the hole impact 
ionization rate as a function of applied electric field in both bulk GaAs 
and AlGaAs alloys. 
Recent experimental work by Bulman et al. [ 1] has yielded the bulk 
ionization coefficients of both electrons and holes in GaAs. Figure 1 
illustrates the electron ionization rate as a function of inverse electric 
field in bulk GaAs. Both the calculations (using the ensemble, many 
particle, Monte Carlo technique) and the experimental measurements are 
for fields applied along the 100 crystallographic direc=tion at 300 K. 
Figure 2 shows the hole ionization rate in bulk Alo.45 Gao.ss As and in 
bulk GaAs as a function of inverse electric field. No experimental 
measurements of the hole impact ionization rate in AlGaAs alloys presently 
exist. The calculations presented here of the hole ionization rate in 
the AlGaAs are the first reliable determination of the bulk ionization 
rate. These calculations were made using the full details of the 
Alo.45 Gao.ss As band structure in an ensemble Monte Carlo program. 
First the hole ionization ratE~ in bulk GaAs was calculated and 
compared to the existing experimental data. Then the program was modified 
to include the AlGaAs band structure, the phonon scattering rate in AlGaAs, 
and the modified ionization threshold energy (equal to the energy threshold, 
in the GaAs plus the energy gap change). The hole ionization rate in both 
the < 100 > and < 111> directions is presented in Figure 2. As can be seen 
from this diagram, the hole ionization rate becomes very large at high 
applied electric fields, - 400 kV/cm, in bulk Alo.4S Gao.ss As. Below - 33 
kV/cm the hole ionization rate is negligible in bulk AJLo.4s Gao.ss As. 
Therefore for low noise detectors made using the GaAs/AlGaAs material system 
it is necessary to operate these devices at voltages such that the electric 
0 
field within any long (>SOOA) AlGaAs region be below 333kV/Gm. 
[1] G.E. Bulman, V.M. Robbins, K.F. Brennan, K. Hess, and G.E. Stillman, 
IEEE Electron Dev. Lett., EDL-4, 181 (1983). 
Dr. K. Bren:nan 

















T = 300K 
(100) 
Bulman et al. 
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THEORY OF THE DOPED QUANTUM WELL SUPERLATTICB APD: 
A NEW SOLID-STATE PHOTOMULTIPLIER 
Kevin Brennan 
· School of Electrical Engineering 
and 
Microelectronics Research Center 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250 
ABSTRACT 
A new superlattice avalanche photodiode structure consisting of repeated 
unit cells formed from a p-i-n Al0 •45Ga0 •55As region immediately followed by 
near intrinsic GaAs and Al 0• 45Ga0 •55As layers is examined using an ensemble 
Monte Carlo calculation. The effects of various device pat ameter s, such as 
the high field layer width, GaAs well width, low field AlGaAs layer width, and 
applied electric field on the electron and hole ionization coefficients is 
analyzed. In addition, the fraction of electrons which ionize in a spatially 
deterministic way, at the same place in each stage of the device, is 
determined. As is well known, completely noiseless amplification can be 
\\ 
achieved if each electron ionizes in each stage of the device at precisely the 
same location while no holes ionize anywhere within the device. A comparison 
is made between the doped quantum well device and other existing superlattice 
APDs such as the quantum well and staircase APDs. It is seen that the doped 
quantum well device most nearly approximates photomultiplti~r-like behavior 
when applied to the GaAs/AlGaAs material system amongst the three devices. In 
addition, it is determined that none of the devices, when made from GaAs and 
AlGaAs, fully mimic ideal photomultiplier-like performance. As the fraction 
of electron ionizations per stage of the device is inc.reased, through var i-
ations in the device geometry and applied electric field, the hole ionization 
rate invariably increases. It is expected that ideal performance can be more 
closely achieved ~n a material system in which the c:onduction band edge 
db;;continu i ty is a j greater fraction of the band gap energy in the narrow band 
gap semiconductor. 
I. INTROOOCTION 
Optical detectors, such as those used in lightwave communications 
systems, must provide high gain at low noise for optimal system performance. 
The sensitivity of optical detectors is primarily limited by the thermal 
(Johnson) noise of the load resistor and the shot noise of the junction 
detector itself [ 1] • The Johnson noise can be reduced by making the load 
res1stance very large but this limits the frequency response of the detector 
[1]. For wide band width applications, the Johnson noise contribution can be 
made negligible by use of some internal gain mechanism which amplifies the 
signal current without increasing the thermal noise. The avalanche multipli-
cation or impact ionization process provides a means of enhancing signal 
current without further increase in thermal noise. However, additional shot 
noise is introduced by the avalanche process. 
The noise performance of uniform avalanche photodiodes was found by 
Mcintyre [2] to depend upon the ratio of the electron to hole ionization 
coefficients. The noise is predominantly shot noise arising from the randomly 
occurring ionization events within the active region of the APD. The random 
\I ., 
spatially occurring ionization events cause fluctuation in the gain. This 
fluctuation in the multiplication rate from the average carrier multiplication 
rate is responsible for the increased noise [3]. Mcintyre [2] found that if 
the electron, a, and hole, S, ionization rates are approximately equal, then 
the excess noise factor is a maximum. Consequently, for lo~~noise performance 
in an APD, it is essential that a. and S be vastly different. 
For short wavelength detectors, A. "' 1.06 un, APDs made from silicon can 
be used since the electron to hole ionization rates ratio is large, "'20 [4,5]. 
Detectors sensitive over a wide range of wavelenqths are necessarily made from 
many different material systems, particularly the II I-V semiconductor com-
pounds and related alloys. In most of these mater L~ls however, the bulk 
ionization rates, electrons and holes, are roughly equal [3]. Therefore, low 
r.oi.::t:, high gain ~ photodetectors for long wavelength operation require novel 
0.~·:.!.=~ £L..r.:uctures j in which the carrier ionization rate can be artificially 
"\ 
' increased. 
Chin et al. (6] first proposed a means of artificially enhancing the 
~l~.:~.L·Ju t:.o nole ionization coefficients through use of a superlattice struc-
ture consisting of alternating th.in layers of GaAs and AlxGa 1_xAs. The 
relatively large difference between the conduction and valence band edge 
discontinuities, as well as the difference in. the electron and hole ionization 
mean free paths [7], can be exploited to selectively heat the electron distri-
bution more than the hole distribution. Recent experimental measurements 
[8,9] confirm the predicted enhancement in the electron ionization rate in 
quantum well superlattice APDs. The observed enhancement of the electron 
ionization rate in these structures can be explained from general considera-
tions (10] as follows. In a structure with a periodic electric field, the 
electron and hole io~ization rates are enhanced above their respective values 
in the absence of the periodic modulation as a result of the strong nonlinear 
(exponential) dependence of a and B on the field and the existence of a 
threshold ene~gy in the impact ionization process [11]. The hole ioni~ation 
rate enhancement observed in the quantum well APD (8,9] is much less than the 
corresponding electron ionization increase for two reasons. The conduct ion 
band edge discontinuity is significantly larger than the valence band offset 
[ 12,13], thus the electrons gain a larger kinetic energy boost from the 
heterointerface than the holes. More importantly, the hole energy relaxation 
2 
rate is much larger than the electron relaxation rate for the average carrier 
energies, less than 0.80 eV, at the applied fields used in the measurements. 
Consequently, the holes relax faster to their steady state energy after 
crossing over the, heterobarrier resulting in fewer that survive to "lucky-
t.u energies high enough where impact ionization can occur [14,15]. 
Calculations [16,17] reveal that, depending upon the applied electric field, 
well and barrier widths, and well depth (band edge offset), the electron 
i.:.;-,L~ai:.ion rate can be much larger than the corresponding hole ionization 
rate. 
Alternative device schemes, such as the graded gap staircase [18], chan-
neling [19], and doped quantum well [20], APDs have recently been proposed. 
The channeling APD consists of alternating layers of GaAs and Al0 • 45Ga 0 • 55As 
which are doped n and p type, respectively. Upon application of a reverse 
bias, both transverse and longitudinal electric field components are produced. 
The transverse field acts to sweep the holes out of the GaAs layer into the 
Al 0 • 45Ga0 • 55As layers while confining the electrons within the GaAs. As 
originally proposed [19], the efficiency of t.he channelin9 APD depends upon 
how effectively the electrons are confined within the GaAs a.nd how effectively 
the holes are swept out into the adjacent AlGaAs layers. Recent theoretical 
work [21] has shown that the largest enhancement in a arises in an undoped 
structure such that the carriers are free to transfer between the layers. 
Nevertheless, electron ionization events in the channeling APD occur com-
pletely at random spatially giving a full shot noise spectrum. 
The graded gap staircase APD [18] is different from the channeling APD in 
that the ionization events occur only at the end of each stage of the device. 
In a photomultiplier, the variability of the number of electrons generated per 
3 
detected photon is minimized since multiplication occurs only at fixed grids 
within the device. Capasso et al. [18] suggest that a solid state multiplier 
can be made using the staircase APD. The excess noise in this device will be 
lower than in a conventional uniform APD and structures such as the channeling 
APD, where ionization events occur completely at random, since the variability 
and, hence, the gain fluctuation of the number of electrons generated per 
photon is reduced. Tt is expected, however, that a staircase APD made from 
the GaAs/AlGaAs material system will not behave like a photomultiplier since 
the conduction band edge offset is not a sufficiently large enough fraction of 
the energy gap in GaAs. An alternative to the staircase device, the doped 
quantum well APD [20], is presented herein which more nearly approximates 
photomultiplier-like behavior. 
II. NOISE PROPERTIES OF AVALMtCHE PHOTODIODES 
The excess noise factor, the standard measure of the avalanche noise, can 
be expressed as [22] 
2 2 
Fe = <N >/<N > m m ( 1 ) 
where Nm is the mean electron count or the total number of electrons generated 
at the output of an m-stage device, <N
2
> is the second moment of the gain 
m 
random variable for a single event at the input, and <Nm> is the square of the 
mean gain. Matsuo et al. [22] have shown that the excess noise factor can be 
expressed in terms of the mean and the variance of Nm' the electron count that 
results from a single primary event, as 
Fe 
2 




If there is no spatial fluctuation in the multiplication, then the variance of 
Nm' Var (Nm}, must be zero and Fe = 1, th•~ minimum noise factor pass ible. In 
order to make a completely noiseless detector, it is then necessary that there 
be no fluctuation in the multiplication; the multiplication must be completely 
deterministic. 
The mean electron count in a photomultiplier-like device, one in whi.ch 
the gain occurs at a specific spatial location in each stage, can be expressed 
as l18, 22] 
m 
<N > = ( 1 + P} m ;;- 1 
m 
(3) 
where P is the probability that an incident elec-tron impact ionizes at the 
output of each stage in an m stage device. For an ideal, noiseless device, 
P = 1 (unity probability that at each stage each incident electron will 
m ionize) and <Nm> = 2 • Fe can be written in terms of P as [22] 
Fe = 1 + [ ( 1 - P) I ( 1 + P ) ] [ 1 - ( 1 + P ) -m ] • (4) 
From Eq. (4) when P;\ = 1, Fe = 1 and the device is completely noiseless. For 
P > 0, Fe is always less than 2. 
In the limit as m + ~, Eq. (4) becomes 
Fe = 2./(1. + P) • (5) 
If P = 1, Fe = 1. When P is equal to zero, the limit m + ~, does not exist in 
Eq. (4), but it can clearly be seen that Eq. (4} reduces to Fe = before the 
limit is taken. At either of these two extremes the device is completely 




vanishes. The case P = 0 is uninteresting since there is no gain and the 
device is band width limited. The most desirable device is then one which 
optimizes P, one in which P = 1. Therefore, to produce a noiseless solid 
state APD, it is pecessary to fulfill two conditions: (1) the hole ionization 
tate in the device should be essentially zero, and (2) the gain per stage of 
the device should be 2, P = 1. If these two conditions are met or reasonably 
met, an extremely low noise detector can be produced. 
III. DESCRIPTION OF THE DEVICE AND K>DEL 
The device studied herein, originally proposed by Blauvelt et al. [20], 
is presented in Figure 1. The intrinsic region of the p-i-n diode consists of 
a superlattice whose basic unit cell consists of five layers made from two 
different materials of very different band gap energies, such as GaAs and 
By doping the layers as shown, p+ i n+ (Al0 •45Ga0 • 55As) 
followed by near intrinsic GaAs and Al0 • 45Ga0 • 55As layers,, the electric field 
profile can be made asymmetric in the unit cell (Figure 1). If the device is 
I 
reverse biased, such that electrons are injected from the high field side 
(left side in Figur t\ 1) and holes from the low field side, the electrons are 
accelerated by a much greater field than the holes beforE! transferring into 
the GaAs layer. The combined action of the high field and subsequent injec-
tion over the heterobarrier produces very hot electrons within the narrow gap 
material (GaAs) such that impact ionization can occur. Conversely, the holes 
"1':. t ;:;. 
undergo little heating within the low field (Al0 • 45Ga0 • 55As) layer before 
being injected into the narrow gap (GaAs) region and few (if any) ionization 
events result. The holes, of course, also drift through the high field p-i-n 
region but then enter the low field AlGaAs layer where the band gap is much 
6 
larger than in the GaAs layer, and again the hole ionization rate is low. 
Judicial choices of layer thicknesses and doping concentrations can result in 
a substantial electron ionization rate for negligible hole ionization as will 
be discussed below~ 
We have modeled this device using a many particle, ensemble Monte Carlo 
technique which is particularly well adapted for high energy, high field 
transport. The full details of the GaAs conduction band structure derived 
from an empirical pseudopotential calculation [23], as well as the full 
details of both the GaAs and Ala • 45Ga 0 • 55As valence band structures derived 
using a k*p calculation, are included in the analysis. At present, the 
Al 0 • 45Ga 0 • 55As conduction band structure is not available to us. The AlGaAs 
conduction band can be modeled using the GaAs band structure with a modified 
energy gap and ionization energy. Substitution of GaAs in place of AlGaAs may 
not be fully justified since both rand L are degenerate in Al 0 • 45Ga0 • 55As 
while they are separated by 0.30 eV in GaAs. However, it is expected that the 
band structures are reasonably similar at high electron energies where impact 
ionization occurs. Inclusion of the full details of the AlGaAs valence band 
structure is more cr~\~ial since optimal device performance .requires a negli-
gible hole ionization rate. Hole ionization within the high field AlGaAs 
region, as well as within the GaAs layer, must be avoided which places con-
straints on the doping levels and layer widths used in the structure. Recent 
work by Brennan and Hess [25] has shown that significant hole ionization does 
indeed occur within bulk Al 0 •45Ga 0 • 55As for applied electric fields at or 
above 300 kV/cm. 
The electron and hole scattering mechanisms included in the calculation 
are polar optical scattering, deformation potential, carrier-carrier, impact 
7 
ionization, and alloy scattering [26,27] within the AlGaAs layers. Impact 
ionization is treated as a scattering mechanism in accordance with the Kelydsh 
formulation [28]. As a control for the calculations, first both the bulk GaAs 
and AlGaAs electron and hole impact ionization rates are calculated and com-
pared to existing ' experimental data [29]. The effect of the device geometry 
on the ionization rates (doping, layer widths, etc.) is isolated since any 
difference between the calculated bulk and superlattice ionization rates must 
be due solely to the presence of the superlattice structure. 
The built-in field profile within the p-i-n region is calculated from the 
one-dimensional Poisson equation and is shown in Figure 1. From Gauss' Law, 
when the net charge in the n and p regions is the same, the high field region 
is completely confined to the p-i-n layers. The applied reverse bias must be 
sufficiently large to fully deplete the p and n layers. Additional reverse 
bias will only add a constant electric field perpendicular to the layers which 
acts to accelerate the carriers through the structure. Upon encountering the 
GaAs/AlGaAs heterointerface, the electrons and holes gain a kinetic energy 
boost equal to the conduction and valence band edge discontinuities, 
respectively. The t 'and edge offsets are chosen in accordance with the best 
existing estimates to date, the 60/40 rule [12,13]. 
For small GaAs well widths, < 200 A, spatial quantization effects become 
important. As is well known, spatial quantization introduces subbands within 
the quantum well that lie above the conduction band minimum [ 29]. The 
carriers can thermalize no lower in energy than the first subband rather than 
to the conduction band minimum. The subbands are calculated from a solution 
of the Schrodinger Equation for a finite squar·e well. Since the barrier 




effects between wells is neglected. For simplicity, only the effect of the 
first subband is considered. Spatial quantization has two impor .tant effects 
on the electron and hole transport in the dE:!Vice modeled here. The effective 
barrier height is ~educed when subbands are present so the carriers gain less 
energy from the heterobar r ier. In addition, the effect:lve threshold energy 
for impact ionization is larger than in the bulk since the effective band get,p 
is increased. Both of these effects are included in the calculations pre-
sented below. 
IV. RESUL'rS OF THE CALCULATIONS 
As discussed above, an ideal, noiseless, solid-state photodetector should 
have a negligible hole ionization rate while P, the fraction of impact ioniza-
tions per electron per stage (only those which ionize within the GaAs layer 
are important), should be as close to one as possible. Table 1 illustrates 
how a, B, and P vary with doping levels in a doped quantum well structure at 
fixed layer widths. (We have hypothetically selected doping levels which in 
practice may be difficult to achieve within the GaAs/AlGaAs material system in 
order to illustrate \ ~he underlying physics of this device.) As the built-in 
field within the p-i-n layer increases, at fixed applied field throughout, P 
increases dramatically. The distance the electrons travel from the hetero-
interface on average before impact ionizing decreases as well. The increase 
in P is due to the increase in the number of lucky-drift electrons within the 
GaAs layer. The electrons are "superheated" by the electric field in the 
p-i-n layer such that the distribution is greatly shifted in energy. 
Immediately thereafter, the electrons are injected into the GaAs well. Upon 
crossing the heterobarrier, the electrons overshoot their steady state energy 
9 
(gain more energy from the field than is lost to the phonons} and are accel-
erated semiballistically to energies at or above the ionization threshold 
energy. In this way, the electron ionization rate within the GaAs layer is 
greatly increased ~rom its bulk value. As P increases, through the action of 
the built-in field~ the hole ionization rate also increases as can be seen in 
Table 1. Consequently, a tradeoff exists between the hole ionization rate 
and P. The favorable increase in P is offset by the unfavorable increase 
1n ~. 
From the above discussion, it is apparent that there is an optimal device 
design which maximizes P and minimizes B (hole ionization vanishes}. Each 
device parameter can be isolated and its effect upon the device performance 
assessed independently. We present below detailed calculations which illus-
trate how P, a, and B depend upon the AlGaAs high field region width, the GaAs 
well width, the AlGaAs low field layer width, and the overall applied electric 
field. 
Figure 2 shows the dependence of P upon the intrinsic AlGaAs high field 
layer width. All other parameters including . electric field are held constant 
at the values listed\ in the figure. P clearly shows a maximum at a layer 
width of 200 A which can be explained as follows. The "superheating" of the 
electron distribution depends upon the width of the built-in region (p-i-n 
layer). When the p-i-n layer width is small, the net energy gain from the 
field per electron, eFAx, is insufficient such that most of the electrons do 
not ionize upon injection into the adjacent GaAs layer. As the layer width 
increases, more electrons are hot enough that upon injection they ionize. 
If the p-i-n layer width becomes too large, then electron ionization occurs 
within the high field AlGaAs layer. The number of electrons which ionize 
within the GaAs well then decreases, resulting in a smaller P. 
10 
I I 
Figure 3 illustrates how a and B depend upon the high field layer width. 
The holes are heated within the high field region as well, resulting in a 
substantial increase in the hole ionization rate as the layer width increases. 
Most of the hole ~onization events occur within the GaAs well initially. Even 
thoug1& the holes a're not immediately injected into the GaJ\s well from the high 
field region, cooling within the low field AlGaAs region is insufficient to 
totally reduce the ionization rate. A subsequent increase in the high field 
~oyer width results in hole ionization within the AlGaAs layers. 
The dependence of P upon the GaAs well width is presented in Figure 4. 
For small well widths, P is small, < 0.10. The electron ionization rate is 
also less in very narrow width GaAs layer devices as seen in Figure s. The 
effect of spatial quantization acts to reduce the electron ionization rate 
through the combined increase in the ionization threshold energy and the 
decrease in the effective barrier height as discussed above. Consequently, 
peak values of both P and a occur when the GaAs well width is sufficiently 
large that quantization effects are less important, ,..., 200 A. As the GaAs 
layer width increases further, P and a both decrease since the electrons are 
cooled more effecti\~ely by drifting within a now larger total low field 
region. As can be seen in Figure 5, the hole ionization rate is effectively 
zero for all values of the GaAs layer width. The small ionization rate calcu-
lated for a 400 A well is statistically insignificant. 
As the low field layer width increases, either through lengthening the 
· ~ .... ~ 
;~:;:. .... _ 
GaAs well or the low field Al 0 • 45Ga0 • 55As layer (Table 2), the electron and 
hole ionization rates decrease. The low field regions serve to cool both 
distributions. As can be seen from Table 2, the hole ionization rate 
decreases more drastically with increasing low field region width. The hole-
11 
energy relaxation rate is much larger than the energy relaxation rate [30]. 
Consequently, the holes relax faster to the corresponding low field steady 
state distribution. 
In summary, ~t is apparent that several design trade-offs exist in the 
do~ed quantum well1 device. It is desirable to highly dope the p-i-n layers to 
produce an extremely large electric field. However, too high of a field 
results in significant hole ionization. Likewise, there exists an optimal 
length for the high field intrinsic region such that hole ionization does not 
occur, yet significant electron heating does, resulting in a substantial 
increase in P. Spatial quantization effects should be avoided in the GaAs 
well. However, as the GaAs and low field AlGaAs layer widths increase, the 
electron ionization rate decreases owing to the cooling eff·ects within the low 
field regions. 
In Figures 6 through 11, the effect on a, S, and P of the applied elec-
tric field is examined for three different device configurations. In all 
three devices as the electric field increases, P increases dramatically. 
Simultaneously, both the electron and hole ionization rates increase as 
well. At a field oe -_ soo.o kV/cm, a P greater than 0.8 is attained as seen in 
Figure 10. However, the hole ionization rate approaches that of the electrons 
(Figure 11} counteracting the advantage of a large value of P. The results 
presented in Figures 6 through 11 clearly illustrate that a simultaneous large 
value of P, approaching fully deterministic electron ionization, is inconsis-
~~ 
.:,..,~ 
tent with a negligible hole ionization rate in the GaAs/AlGaAs material 
system. It is evident that ideal, photomultiplier-like behavior cannot be 
produced in a doped quantum well APD made from GaAs/AlGaAs. This is because 
the conduction band edge discontinuity at the GaAs/AlGaAs heterointerface is 
12 
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not a sufficiently large enough fraction of the band gap energy. Upon injec-
tion into the GaAs well, the electrons are not sufficiently heated such that 
impact ionization can occur. Attempts to further heat the electron distr i-
bution through US!e of the high-field p-i·-n layer result in a substantial 
increase in B as well. It is expected then that a material system in which 
AEc is a greater fraction of Eg in the narrow band gap layer will provide·"' a 
better medium for an ideal, photomultiplier-like device. 
Figures 12 and 13 illustrate the electron and hole energy distribution 
functions in the GaAs layer, low field AlGaAs layer, and within the high field 
AlGaAs layer for the device described in Figures 10 and 11 at an applied field 
of 150.0 kV/cm. As can be seen from Figure 12, ·the electron distribution 
within the GaAs quantum well has two peaks, one at very low energy and another 
~ 0.60 eV. The low energy peak is due to the electrons which have impact 
ionized after transferring into the GaAs layer. The impact ionization process 
acts to greatly cool the superheated distribution resulting in many low energy 
electrons in the well. (It is quite possible that through impact ionization, 
carrier confinement within quantum wells may be improved.} The long tail in 
the distribution is \~ue to the exceptionally hot carriers injected into the 
well. Notice that the tail extends well beyond the ionization threshold 
energy of 1.55 eV since we assume a •soft• threshold. Recent work by Tang and 
Hess [31] has determined that the ionization threshold must be •soft• in order 
to fully account for the injection of hot electrons from silicon into silicon 
·~ 
dioxide in MOSFETs. If the threshold is "hard," each carrier that reaches the 
ionization threshold energy ionizes, then insufficient high ·energy carriers 
survive to account for the transfer of electrons into the silicon dioxide. As 
expected, the electron distribution is cooled considerably within the low 
13 
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field AlGaAs region. The action of the high electric field within the p-i-n 
layers heats the electrons but the distribution is still cooler than that in 
the corresponding GaAs layer. The difference being due to the additional 
kinetic energy boo.st from the heterointerface upon entering the GaAs. 
~he hole energy distribution is presented in Figure 13. Contrary to the 
case for the electrons, the holes are hottest within the high field AlGaAs 
layer. The hole distribution is much cooler within the GaAs well since the 
ho.ies a.re injected from the low field AlGaAs region. Even though the tail of 
the distribution crosses the ionization threshold, the holt~ ionization rate is 
negligible since the threshold is •soft• as discussed above. It is important 
to notice that the ionization events do not necessar.ily occur when the distr i-
but ion tail exceeds the threshold energy. The likelihood of an ionization 
event also depends upon how long a carrier remains at or near the threshold 
which is a function of the scattering rate. 
V. COMPARISON WITH orBER SUPERLATTICB APDs 
As mentioned above, Capasso et al. [18] have previously proposed a 
graded-gap staircase \'.APD which, under the right conditions (ratio of conduc-
tion band edge discontinuity to band gap),, mimics photomultiplier-like 
performance. For purposes of comparison, we have calculated the corresponding 
values of P, a, and B within both the graded-gap staircase and superlattice 
quantum well devices using the GaAs/AlGaAs material system. The results are 
• f~ 
sumrnar ized in Table 3. In previous work [16], it was determined that the 
maximum ratio of the electron to hole ionization coefficients occurs in both 
the quantum well and staircase APDs when the well width or stage length is 





calculations. It is expected that these calculations will provide the most 
optimistic estimate of the APD device performance. Both the electron and 
hole ionization coefficients are calculated assuming the 60/40 rule for the 
conduct ion/valence band offsets [ 12, 13] • 
j 
At an appl iE~d electric field of 
250.0 k.V/cm P is small, < .1, in both devices. However, in the staircase APD, 
the electron to hole ionization rate ratio is much lar9er, three orders of 
magnitude, -than in the quantum well device. In order · to enhance P, it is 
nP("~~~:!.:y tv increase the applied electric field in both devices. As can be 
seen from Table 3, at very high elec:tr ic fields, 500 kV/c:m, P increases sig-
nificantly but at the expense of a dramatic increase in the hole ionization 
rate. Therefore, the same tradeoff exists between B and P in both the quantum 
well and staircase APDs as in the doped quantum well APD, but to an even 
greater extent. Comparison of the three devices indicates that the doped 
quantum well device most nearly approximates ideal, noiseless behavior at 
least as applied to GaAs/AlGaAs. It is, therefore, expected that the doped 
quantum well device will have the best noise figure of the superlattice APDs 




In a uniform APD, the electrons and holes generated within the depletion 
region are produced by independent, J~andomly occurring impact ionization 
events. The statistical variation of the ionization rate from the average 
- ~:~ 
gain results in increased noise in the device. The excess $~oise factor in a 
uniform APD is given by [1], 
Fe = ~ [ 1 - ( 1 - k) [ (~ - 1 ) ~] 2 ] (6) 
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where ~ is the electron multiplication r.ate and k is. the hole to electron 
ionization rates ratio. When k = O, no hole ionization, the excess noise 
fa~tor reduces ~o two. From comparison to Eq. (5), it is clear that the 
~xce:::::; noise of ~an ideal uniform APD, one in which the hole ionization rate 
vanishes, is twice as large as the excess noise of an ideal, photomultiplier-
like device. Therefore, the high~st sensitivity photodetectors should behave 
~::: ~lvs~ to a photomultiplier as possible. 
A new solid-state device, the doped quantum well APD, has been analyzed 
above. It is found that this device more nearly mimics a photomultiplier as 
compared to other superlattice APDs, the quantum well and staircase APDs, when 
applied to the ,GaAs/AlGaAs material system. The use ·of doping inter face 
dipoles, recently proposed by Capasso et al. [32] (a variation of the doped 
quantum well device) within the appropriate material system may also produce 
photomultiplier-like performance. However, it is found that in the doped 
quantum well device, and presumably through use of doped interface dipoles, 
that ideal performance is not possible to· attain in any of the previously 
invented superlatt~~e APDs in devices made from GaAs and AlGaAs. The 
explanation being that the conduction band edge offset is not a sufficiently 
large enough fraction of the energy band gap in the GaAs layer. By judicial 
choice of both the material system and the device parameters, doping and layer 
widths, well width, and applied electric field, it is expected that a true 
solid-state photomultiplier can be attained. It is suggested herein that the 
doped quantum well APD is the most promising existing structure in which 
photomultiplier-like performance can be exhibited. 
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FIGURE 1: Unit cell of the doped quantum well APD and the correspo~di~g 
electric field profile. 
FIGURE 2: Fraction of impact ionizations per electron per stage of the 
device; P, plotted versus intrinsic high field AlGaAs layer width 
at an applied electric field of 200.0 kV/cm for the device geom-
etry listed. The resulting built-in electric field within the 
p-i-n region is 600.0 kV/cm. ' i-r-
FIGURE 3: Electron and hole impact ionization rates plotted as a function 
ot intrinsic high field AlGaAs layer width at an applied elec-
tric field of 200.0 kV/cm for the device geometry listed. The 
resulting built-in electric field within the p-i-n region is 
600.0 kV/cm. 
FIGURE 4: Fraction of impact ionizations per electron per stage of the 
device, P, plotted versus GaAs well width at an applied electric 
field of 150.0 kV/cm for the device geom·etry listed. 
FIGURE 5: Electron and hole impact ionization rate plotted versus GaAs well 
width at an applied electric field of 150.0 kV/cm. The hole 
impact ionization rates determined for GaAs well widths of 25, 75, 
and 200 A are all calculated to be zero. The small value calcu-
lated for _ 400 A wide layer is statistically negligible. 
FIGURE 6: Fraction of impact ionizations per electron per stage of the 
device, P, plotted versus the applied electric field (the overall 
field after the p-i-n layers are fully depleted) for the device 
geometry shown. 
FIGURE 7: Electron and hole impact ionization rates as a function of inverse 
electric ~ield for the same device geometry as in Figure 6. 
FIGURE 8: Fraction of impact ionizations per electron per stage of the 
device, P, plotted versus the applied electric field (the overall 
field after the p-i-n layers are fully depleted) for the device 
geometry shown. 
FIGURE 9: Electron and hole impact ionization rates as a function of inverse 
electric field for the same device geometry as in Figure 8. 
FIGURE 10: Fraction of impact ionizations per electron per stage of the 
device, P, plotted versus the applied electric field (the overall 
field after the p-i-n layers are fully depleted) for the device 
geometry shown. 
FIGURE 11: Electron and hole impact ionization rates as a function of inverse 
electric field for the same device geometry as in Figure 10. 
FIGURE 12: Electron energy distribution function plotted as a function of 
energy for the device geometry of Figures 10-11 at an applied 
electric field of 150.0 kV/cm. The three curves correspond to the 
distribution function within the high field AlGaAs, GaAs, and low 
field AlGaAs layers. 
FIGURE 13: Hole energy distribution function plotted as a function of hole 
energy i for the device of Figures 10-11 at an applied electric 
field of 150.0 kV/cm. The three curves correspond to the distri-
bution function within the high field AlGaAs, GaAs, and low field 





BFPJSCT OF OOPDIG LBVBLS ON CL, a, ARD P 
A. La;ter Width (A) noeing ( 1 /cm3 ) 
+ 50 6.42 X 10 18 p 
AlGaAs i 50 
6.42 X 10 18 N+ 50 
GaAs 200 
r.1 ,....,. As 
---0.45 ....... 0.55 350 
Built-in field in p-i-n region = 450 kV/cm. 
Dist. Traveled 
FrC?m Interface 
Field % Impact Ion. Before CL or B 
Carrier (kV/cm) in GaAs p Ionizing (A) ( 1/cm) 
Electrons 200. 100. • 154 44.8 2.4 X 10 4 
Holes 200. 100. 3.0 X 10 2 
B. Laler Width (A) Dof2ing ( 1/cm3) 
p+ 50 8.56 X 10 18 
AlGaAs i 50 
8.56 X 1018 N+ 50 
GaAs \I \ 200 
Alo.45Ga0.55As 350 
Built-in field in p-i-n region = 600 kV/cm. 
Dist. Traveled 
From Interface 
Field % Impact Ion. Before~~ CL or a 
Carrier (kV/cm) in GaAs p Ionizing (A) ( 1/cm) 
Electrons 200. 100. .28 37.3 4.35 X 10 4 
Holes 200. 100. 2.7 X 102 
I l 
TABLE 1 (Continued) 
c. La~er Width DoEing ( 1 /cm3) 
p+ so 1.04 X 1019 
AlGaAs i 50 
N+ 50 19 1.04 :K 10 
GaAs 200 
Alo.4sGao.5sAs 350 
Built-in field in p-i-n region = 800 kV/cm. 
Dist. Traveled 
From Interface 
Field % Impact Ion. Before~ a or B 
Carrier (kV/cm) in GaAs p Ionizing (A) ( 1/cm) 
Electrons 200. 100. .415 31.98 6.31 X 10 4 
Holes 200. 97.2 6.64 X 102 
·~  
'.rABLE 2 
DEPENDENCE OF a, B, AND P ON TBB LOW FIELD 
Al0 • 45Ga0 •55As LAYER WIDTH 
La;t:er Width <A) 













Doping ( 1/cm3) 
8.56 X 10 18 
8.56 X 10 18 
a or B 
(1/cm) p 
2.92 X 104 • 153 
2.4 X 10 4 • 157 
1.6 X 10 4 • 156 
5.25 X 102 
o.o 
3.8 X 101 
*Only two ionization events occurred. amongst 1500 
carriers simulated for 8.0 psec. Consequently, the 
counting statistics are such that small fluctuations·, 





CALCOLATIORS OF a AND B IN THE QUANTOM WELL 
SUPERLATTICB AND STAIRCASE APDs 
Quantum Well pevice 
AE = ~147 o~r. ~ = .214 eV c -·l v 
Field (kV/cm) L (A) a or B ( 1/cm) 
Electrons 500 150 1. 01 X 105 
250 150 4.94 X 103 
Holes 500 150 4.097 X 104 
250 150 1.089 X 103 
Staircase APD 
AE = .347 eV~ ~ = .214 eV. c v 
Field (kV/cm) L (A) a or B ( 1/cm) 
Electrons 500 150 1.75 X 105 
250 150 4.66 X 104 
Holes* 589.3 150 1.86 X 104 







*Effect of the quasi-field due to the graded band structure is 
included in accordance with Ref. [16]. 
1\ 
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1. INTRODUCTION 
During this report period investigations have continued on 
the theoretical studies of advanced superlattice AlGaAs avalanche 
photodiode devices and also on the calibration of the Georgia 
Tech Varian Gen II AlGaAs MBE system. The latter investigations 
have been supported by in-house Georgia Tech funds and are 
briefly described in Section 3. 
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2. THEORETICAL STUDIES OF AlGaAs SL-APD DEVICES 
Recent activities in this area have been devoted to 
developing a greater understanding of the noise characteristics 
of new SL-APD devices and the preparation of a patent application 
on a "Superlattice Avalanche Photodetector." 
Briefly, in the noise area, the work of Teich and 
collaborators on the noise performance characteristics of 
conventional APDs, single-carrier multiplication devices, single-
carrier ionization and single-carrier multiplication (SCISCM) 
devices, superlattice APDs and the photomultiplier tube have been 
reviewed in detail. From this survey, it appears that by using 
Teich's formalisms accurate and meaningful noise figures can be 
obtained by using the electron and hole ionization probabilities 
per stage as calculated from hot electron transport theory. This 
is a very promising result and will be described in detail in the 
next report. 
The major theoretical activity has been the generation of 
the patent application which for completeness is enclosed 
overleaf. 
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SUPERLATTICE AVALANCHE PHOTODETECTOR 
Background of the Invention 
The present invention pertains to a superlattice avalanche 
photodetector (APD) • 
Optical detectors used in lightwave communications systems 
must provide high gain at low noise for optimal system 
performance. The noise from a solid state junction optical 
detector primarily arises from two sources, the thermal noise of 
the load resistor, also known as Johnson noise, and the shot 
no1se of the junction detector itself. Although Johnson noise 
can be reduced by making the load resistance very large, this 
limits the frequency response of the detector. Alternatively, 
for wide band applications, the use of an internal gain 
mechan1sm--such as an avalanche-multiplication-by-impact-
ionization process which amplifies the signal without further 
increase in thermal noise--can substantially reduce the Johnson 
noise. Unfortunately, such an avalanche process introduces 
additional noise into the device. 
As shown in an article entitled "Multiplication Noise In 
U n 1 f o r m A v a l an c h e D i o d e s , " by R. J • M c I n t y r e , .lE..EE._X.t..a.n..s....... 
E.~.e.~.t.L.Qn_D..e.Y£., v o 1 • ED -1 3 , 1 9 6 6 , p p • 1 6 4 - 1 6 8 , t h e n o i s e 
performance of a uniform avalanche photodiode depends upon the 
ratio of the electron and hole ionization rates. This is so 
because the predominant component of the noise in such a device 
is the shot noise which arises from the spatially random 
ionization events which occur within the active region. Such 
spatially random ionization events cause fluctuations in the 
carr1er multiplication rate from the average and is thereby 
responsible for the increased noise. The above-cited article 
shows that if the electron ionization rate "a" and the hole 
1onization rate "8" are approximately equal, the excess noise 
factor is a max1mum. Consequently, for a low no1se APD, it is 
e s sent i a 1 that "a~' and "B " be as d i f f e rent as p o s s i b 1 e. 
For wavelengths on the order of 1.06 urn, low noise APDs can 
be made from silicon because the ratio of electron and hole 
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1onization races is large, being at least as large as 20. 
However, APDs which are sensitive over a large range of 
wavelengths are necessarily made from many different material 
systems, in particular from III-V semiconductor compounds and 
the1r related alloys. Unfo~tunately, in most of these materials 
the bulk ionization rates for electrons and holes are roughly 
equal. As a consequence, low noise, high gain photodetectors for 
use in long wavelength operation require devices to include 
structural features which serve as a means by which the ratio of 
the electron and hole ionization rates can be increased over that 
naturally occurring in the materials from which the devices are 
fabricated. 
One such structural feature for increasing the ratio of 
electron and hole ionization rates, a superlattice consisting of 
alternating thin layers of GaAs and AlxGa 1 _xAs which form part of 
a quantum well APD, has been disclosed in an article entitled 
"Impact Ionization In Multilayered Heterojunction Structures," by 
R. Chin, N. Holonyak, G. E. Stillman, J. Y. Tang, and K. Hess, 
ElectrQllics LetteiS, Vol. 16, 1980, pp. 467-469. The article 
suggested that the superlattice could be used to selectively heat 
the electron distribution more than the hole distribution because 
of the relatively large difference between the conduct1on and 
valence band edge discontinuities, as well as the difference in 
the electron and hole ionization mean free paths. Because of the 
fact (1) that the superlattice is equivalent to a periodic 
electric field, (2) that there is a strong nonlinear, 
exponential, dependence of "a", and "S" on the field, and (3) 
that there is a threshold energy in the impact ionization 
~rocess, both the electron and hole ionization rates are enhanced 
above their respective values in the absence of a superlattice 
structure. However, the enhancement of the hole ionization rate 
is much less than that of the electron ionization race for two 
reasons. First, because the conduction band edge discontinuity 
in che mater1al system disclosed in the article is significantly 
larger than the valence band discontinuity, electrons gain a 
larger k~net1c energy boose from the hecerointerface than the 
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holes. Second, and more important, because the hole energy 
relaxation rate is much larger than the electron relaxation rate 
for the average carrier energies involved in the devices, the 
holes relax faster to their steady state energy after crossing 
the heterointerface between the GaAs and AlxGa 1_xAs layers. this 
results 1n fewer holes that "lucky-drift" to energies high enough 
to cause impact ionization. 
Another structural feature for increasing the ratio of 
electron and hole ion1zation rates, a doped quantum well APD 
which includes an alternative superlattice, has been disclosed in 
an article entitled "Single-Carrier-Type Dominated Impact 
Ionization In Multilayer Structures," by H. Blauvelt, S. 
Margalit, and A. Yariv, .Electrooic.s._L.etters, Vol. 18, 1982, pp. 
375-376. This structure attempts to spatially restrict the 
reg1on wherein impact ionization occurs and thereby to obtain the 
benefit of a photomultiplier in this regard, namely, the benefit 
owing to the fact that the variab1lity of the number of electrons 
generated per detected photon is minimized because electron 
mult1plication occurs only at fixed grids therewithin. The doped 
quantum well APD more nearly approximates photomultiplier-like 
behavior in regard to the localization of carrier multiplication 
than two other structures disclosed in the art, namely, a 
channeling APD disclosed in an article entitled "The Channeling 
Avalanche Photodiode: A Novel Ultra-Low-Noise Interdigitated p-n 
Junction Detector," by F. Capasso, IEEE~ns. Elect..t.Q.o Dey_._, 
Vol. ED-29, 1982, pp. 1388-1395 and a graded gap staircase APD 
disclosed in an article entitled "Staircase Solid State 
Photomultipliers And Avalanche Photodiodes With Enhanced 
Ionizat1on Rate Ratio," by F. Capasso, W. T. Tsang and G. F. 
Williams, IEEE Trans. Elec~n_D~, Vol. ED-30 1983, pp. 381-
390. 
The disclosed channeling APD consists of a superlattice of 
alternat1ng layers of n-GaAs and p-Al 0 •45Ga 0 •55As. In addition, 
the device is configured so that the application of a reverse 
b1as produces both transverse and longitudinal electric field 
components. The transverse field sweeps holes out of the GaAs 
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layers and into adjacent Al 0 •45 Ga 0 •55As layers while confining 
the electrons within the GaAs layers. The disclosed graded gap 
sta1rcase APD consists of a superlattice whose l~tyers have a 
graded energy band gap. In a graded gap staircase APD the impact 
ionization events occur at specific and localized areas within 
the device, whereas, in a channeling APD the ionization events 
occur at random throughout a layer. Because of the localization 
of the 1mpact ionization in a graded gap staircase APD, the 
variab1lity and, hence, the gain fluctuation of the number of 
electrons generated per photon is reduced and the excess noise in 
this device will be lower than that in a conventional uniform APD 
and a channeling APD. Nevertheless, a graded gap staircase APD 
fabricated from a GaAs/AlGaAs material system will not oehave 
like a photomultiplier since the conduction band edge offset 
between GaAs and AlGaAs is not a sufficiently large fraction of 
the energy bandgap in GaAs. 
An example of a doped quantum well APD suggested in the 
above-referenced article by Blauvelt et al. is shown in Fig. 1. 
The APD comprises electrodes 31 and 32 contacted to p+ region 34 
and n+ region 20, respectively, and a repeating superlattice 
unit. Each superlattice unit comprises p+ AlGaAs layer 10 
1ntr1nsic AlGaAs layer 11, n+ AlGaAs layer 12, intrinsic GaAs 
layer 13, and intrinsic AlGaAs layer 14, where each AlGaAs layer 
consists of the alloy Al 0 •45 Ga 0 •55As. Voltage Vo from voltage 
source 33 is applied to electrodes 31 and 32 to reverse-bias the 
device. The electric field profile in the superlattice unit 10-
14 is shown in Fig. 2 to be asymmetric. 
When the APD is reverse oiased, electron are injected into 
GaAs layer 13, where avalanche multiplication occurs, after 
pass1ng through the high field of layers 10-12, i.e., from the 
left of layer 13 in Fig. 1, and holes are injected after passing 
through the low field of layer 14, i.e., from the right of layer 
13 1n F1g. 1. As a result, the electrons are accelerated by a 
much greater field than the holes before arriving at GaAs layer 
13. The combined action of the high field and the subsequent 
injection over the heterointerface between layers 12 and 13 
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produces such hot electrons within narrow band gap GaAs layer 13 
that electron impact ionization events will occur. Conversely, 
holes undergo little heating within low field Al 0 •45 Ga 0 •55As 
layer 14 before being injected into narrow bandgap layer 13. 
Thus, few, if any, hole impact ion1zation events will occur. 
Even though holes also drift through high field p+-i-n+ layers 
10-12, before being injected into GaAs layer 13, they cool off in 
low field GaAs layer 14 where the bandgap is much larger than in 
the GaAs layer. As a result, the hole ionization rate in layer 
13 is low. 
Unfortunately, Blauvelt et al. did not completely analyze 
the disclosed doped quantum well APD. The article did not 
consider a most important aspect of the noise component which is 
crucial 1n ~roperly determining appropriate designs of practical 
APDs. 
For example, the excess noise factor of a APD, the standard 
measure of avalanche noise, can be expressed as: 
Fe (1) 
where Nm is the gain random variable for a single event at the 
input to an m-stage device, i.e., the total number of carriers 
generated at the output stage of the m-stage device which result 
trom a single primary event at the input; <Nm2> is the second 
moment of the gain random variable; and <Nm> 2 1s the square of 
the mean gain. The excess noise factor can be expressed in terms 
of the mean and the variance of Nm as: 
(2) 
If there is no spatial fluctuation in the physical multiplication 
mechan1sm, then the variance of Nm, Var(Nm>, will be zero and Fe 
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= 1, i.e., the rnl.nimum nol.se factor possible. Thus, in order to 
make a coml:Jletely noiseless APD, it is necessary that there be no 
fluctuation in the carrier multiplication; i.e., the 
multl.~lication must be completely deterministic. 
The mean carrier gain in a "photomultiplier-like" APD, i.e., 
one l.n which carrier gain occurs at a specific spatial locatl.on 
l.n each stage of the APD, can be expressed as: 
<Nm> = (1 + p)m for rn > = 1 (3) 
where p is the probabl.lity that an incident carrier impact 
l.Onizes at the output of each stage in an rn-stage APD. For an 
ideal, noiseless APD, p = 1. Thl.s means that there is a unity 
probability that each carrier incident upon each stage of the APD 
will l.Onize and that as a result <Nm> =2m. Fe can be written in 
terms of p as: 
Fe = 1 + [ ( 1 - p) I ( 1 + p) ] [ 1 - ( 1 +p) -rn] (4) 
From Equatl.on 4, when p = 1, Fe = 1 and the APD is completely 
noiseless. For p > 0 Fe is always less than 2. 
In the limit as the number stages, m, afJproaches infinity, 
Equatl.on 4 becomes: 
Fe = 2./(1 + p) (5) 
Clearly, l.f p = 1, then Fe = 1. When p l.S equal to zero, the 
limit as m--oo does not exist in Equation 4 out Equar.ion 4 then 
reduces to Fe = 1. At el.ther of these two extremes,, the APD is 
completely deterministl.c--no random fluctuatl.ons exl.st--and the 
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excess noise vanishes. The case p = 0 is uninteresting since 
there is no gain and the APD is bandwidth limited. The roost 
desirable APD is therefore one which optimizes p, i.e., one in 
which p = 1. As a consequence of the above, to produce a 
noiseless solid state APD, it is necessary to fulfill two 
conditions: (1) the hole ionization rate in the APD should be 
essentially zero, and (2) the gain per stage of the APD should be 
2, i.e., p = 1. If these two conditions are met or reasonably 
met, an extremely low noise factor can be produced. 
In analyzing the suggested doped quantum well APD, Blauvelt 
et al. recognized that is desirable to have a detector in which 
the rnultipl~cation process is dominated by one carrier type but 
they d~d not consider the effect of p. In addition, they 
recognized that the superlattice structure proposed by Chin et 
al. would enhance the ratio of ionization rates "a"/"B", the 
increase being primarily due to the fact that the discontinuity 
of the conduction band is larger than the discontinuity of the 
valence band in the GaAs/AlGaAs material system. As a result of 
the difference in band discontinuities, electrons would enter the 
GaAs multiplication region with more kinetic energy than would 
the holes, and the electrons would therefore be more likely to 
~reduce a secondary pair than the holes. Blauvelt et al. then 
proposed a device structure similar to that shown in Fig. 1 to 
further increase "a"/"B". They suggested applying a sufficiently 
large voltage to fully deplete the "multiplication" region, like 
GaAs layer 13 in Fig. 1, and the "acceleration" regions, like p+ 
AlGaAs layer 10 and n+ AlGaAs layer 12 in Fig. l. Since the 
electric field in a depleted layer is proportional to the doping, 
the electric field changes abruptly in thin, heavily doped layers 
10 and 12. In contrast, the field is nearly constant in lightly 
doped layers 11, 13 and 14. Thus, by doping the layers as 
suggested by Blauvelt et al., and shown in Fig. 1., the electric 
field on one side of GaAs layer 13 can be made larger than the 
electric f~eld on the other. If electrons are injected into GaAs 
layer 13 from the high field side and holes are injected into 
GaAs layer 13 from the low f~eld side, the fraction of electrons 
9 
that are 1njected W1Lh energ1es above the ionization threshold 
can be s1gnificanLly larger than the fraction of holes that are 
inJected with energ1es above the ionization threshold. 
Further, Blauvelt et al. recognized that the suggested APD 
would operate most successfully if the two materials which formed 
Lhe superlattice unit had "sufficiently" different ionization 
thresholds. Since the 1onization thresholds of semiconductors 
are generally proportional to the bandgap, any two semiconductors 
with sufficiently different bandgaps could be used for the two 
materials. For the specific case of the ternary materials 
AlxGa 1 _xAs, the bandgap increases as x increases. Since 
GaAs/AlGaAs superlattices have been fabricated using molecular 
oeam epitaxy (MBE), Blauvelt et al. proposed GaAs, having a 
bandgap energy = 1.43 eV, and Al 0 •45 Ga 055As, having bandgap 
energy = 2.0 ev, to be suitable choices for the two materials. 
Blauvelt et al. used a simple model of impact ionization to 
analyze the device. As a result of their calculations they 
determ1ned that GaAs layer 13 should be 400 angstroms thick, that 
high field AlGaAs layers 10-12 should be 700 angstroms thick, and 
that low field AlGaAs layer 14 should be 900 angstroms thick. 
Recognizing that their analysis was incomplete, Blauvelt et 
al. stated that optimized design of the proposed detector would 
necess1tate calculation of the electron and hole distributions at 
each position as the carriers move through the layers of the 
detector. They did, however, point out several qualitative 
features of the detector design: (1) that n+ AlGaAs layer 12 
should be as thin as possible in order that the hot electrons do 
not lose much energy therein; (2) that high field AlGaAs layers 
10-12 should have their thicknesses and electric fields adjusted 
so that a significant fraction of the electrons passing there 
through are injected into GaAs layer 13 wiLh enough energy to 
produce secondary pairs; (3) that it is undesirable for Lhe 
electr1c field LO be so high that multiplication in the AlGaAs 
layers becomes significant; (4) that, in order to minimize 
secondary 10n1zation by holes, low field layers 13-14 should be 
sufficiently thick to allow holes to lose, by phonon coll1sion, 
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the kinetic energy they gained in the preceding high field 
layers; (5) that the difference between the electric fields in 
the high and low field regions should be as large as is 
practical, for example, a 50 angstrom thick n+ layer 12 with a 
doping of 2 x 10l8 cm-3 will result in a change in the electric 
field of approximately 1.6 x 10 5 V/cm; (6) that it is desirable 
to have the total number of donors in a superlattice unit nearly 
equal to the total number of acceptors so that the electric field 
pattern will repeat itself in each unit. 
As discussed above, there are two conditions which need to 
be satisfied in order to determine the optimal design parameters 
for a practical APD fabricated as shown in Fig. 1. These being 
to maximize the ionization rate ratio "a"/"S" as well as to 
maximize p. Unfortunately, Blauvelt et al. did not consider the 
appropriate model for determining the parameters for their 
proposed device and thereby completely mischaracterized the 
optimal, or even the appropriate parameters for a working device. 
Summary of the Invention 
The preset invention pertains to a low noise superlattice 
avalanche photodetector (APD) comprising repeated superlattice 
units formed from a p+-i-n+ Al 0 •45 Ga 0 •55As region immediately 
followed by near intrinsic layers of GaAs and Al. 45Ga 0•55As. The 
inventive APD causes one type of charge carrier to ionize at a 
faster rate than the other type of charge carrier and the 
avalanche mechanism is initiated by the charge carrier having the 
larger ionization rate. By doping the layers of the superlattice 
unit as described above, i.e. p+-i-n+ Al 0 •45 Ga 0 •55As layers 
followed by near intrinsic GaAs and Al 0 •45 Ga 0 •55As layers, the 
electric field profile in the unit can be made asymmetric. When 
the APD is reverse biased, electrons are accelerated in a high 
electric field region before being injected into the GaAs layer, 
whereas holes are accelerated in a low electric field region 
before being injected into the GaAs layer. The combined action 
of being accelerated in a high electric field and subsequently 
being inJected over the AlGaAs/GaAs heterointerface between the 
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n+ AlGaAs layer and the GaAs layer produces very hot electrons 
within the narrow bandgap GaAs layer. The electrons are 
sufficiently hot that substantial impact ionization occurs. 
Conversely, the holes undergo little heating within the low field 
intrinsic Al 0 • 45 Ga 0 •55As layer before being injected into the 
narrow bandgap GaAs layer and few, if any, impact ionization 
events occur. The holes, do, of course, also drift in the high 
field p+-i-n+ region. However, after that, they enter the low 
field intrinsic AlGaAs layer where the bandgap is much larger 
than in the GaAs layer, and in which layer they lose energy 
before being injected into the narrow bandgap GaAs layer. As a 
result, the hole ionization rate in the GaAs layer is low. 
The present invention teaches the critical values of various 
~arameters which are necessary in fabricating an optimal low 
noise doped quantum well APD: 
(1) Doping Levels of the p+ and n+ Layers: 
The doping level should be in the range of 7 x 
1018 cm-3 to 1 x 101 9 cm-3 • 
(2) AlGaAs High Field Layer Widths (the layers 
comprising the p+-i-n+ region): 
The width of the intrinsic layer is the most 
critical. The p+ and the n+ layers should be as 
small as possible but they should also be large 
enough to enclose a large amount of charge. Thus, 
the p+ and the n+ layers should be about 50 
angstroms wide each and the intrinsic region width 
should be in the range between 50 and 100 
angstroms. 
(3) GaAs Layer Width: 
Very small GaAs layer widths result in quantum 
mechanical spatial quantization effects which are 
deleterious to device ~erformance. Thus, the GaAs 
layer width should be in the range between 180 and 
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300 angstroms. 
(4) AlGaAs Low Field Layer W1dth: 
It is important to have a sufficiently long region 
so that the holes can cool after drifting through 
the high field p+-i-n+ region. Thus, the 
intrinsic AlGaAs low field layer width should be 
in the range between 200 and 500 angstroms. 
(5) Percentage of Al in the Ternary AlGaAs 
Composition: 
It is desirable to use direct bandgap materials 
since no appreciable advantage can be attained 
from the use of an indirect bandgap material. In 
addition, in order to obtain the largest change in 
the conduction band between GaAs and AlGaAs, x 
should be in the range between .4 to ~45, or 
wherever the transition occurs between the direct 
and indirect materials. 
(6) Applied Electric Field: 
The electric field should be in the range between 
100 and 200 kV/cm. 
Brief Description of the Drawing 
A complete understanding of the present invention may be 
gained by considering the following detailed description in 
conJunction with the accompanying drawing, in which: 
Fig. 1 shows, in pictoria form, a unit cell of a doped 
quantum well APD fabricated in accordance with the present 
invention; 
Fig. 2 shows, in graphical form, the electric field profile 
of the unit cell in Fig. 1; 
Fig. 3 shows, in graphical form, the fraction of impact 
ionizations per electron per stage of a doped quantum well APD, 
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p, plotted against the width of intrinsic high field AlGaAs layer 
11 at an applied electric field of 200.00 kV/cm and a resulting 
built-1n electric field within p+-i-n+ layers 10-12 of 600.0 
kV/cm; 
Fig. 4 shows, in graphical form, the electron and hole 
impact ionization rates of a doped quantum well APD plotted as a 
function of the width of intrinsic high field AlGaAs layer 11 at 
an applied electric f1eld of 200.0 kV/cm and a resulting built-in 
electr1c f1eld within p+-i-n+ layers 10-12 of 600.0 kV/cm; 
Fig. 5 shows, in graphical form, the fraction of impact 
ionizations per electron per stage of a doped quantum well APD, 
p, plotted against the width of GaAs well layer 13 at an appl1ed 
electric field of 150.0 kV/cm; 
Fig. 6 shows, in graphical form, the electron and hole 
1mpact ion1zat1on rate of a doped quantum well APD plotted as a 
function of the width of GaAs well layer 13 at an applied 
electric field of 150.0 kV/cm; 
Fig. 7 shows, in graphical form, the fraction of impact 
ion1zat1ons per electron per stage of a doped quantum well APD, 
p, 1 against the applied electric field, the built-in 
electric field after p+-i-n+ layers 10-12 are fully depleted 
being equal to 600.0 kV/cm; 
Fig. 8 shows, in graphical form, the electr~on and hole 
1mpac~ ionization rates of a doped quantum well APD as a function 
of inverse electric field; 
Fig. 9 shows, in graphical form, the fraction of impact 
10n1zations per electron per stage of a doped quantum well APD, 
p, plotted against the applied electrical field, the built-in 
electric field after p+-i-n+ layers 10-12 are fully depleted 
be1ng equal to 600.0 kV/cm; 
Fig. 10 shows, in graphical form, the electron and hole 
impact ionization rates of a doped quantum well APD as a function 
of 1nverse electric field; 
Fig. 11 shows, in graphical form, fraction of impact 
1onizat1ons per electron per stage of a doped quantum well APD, 
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electric field after p+-i-n+ layers 10-12 are fully depleted 
being equal to 600.0 kV/cm; 
Fig. 12 shows, in graphical form, the electron and hole 
impact ionization rates of a doped quantum well APD as a function 
of inverse electric field; 
Fig. 13 shows, in graphical form, the electron energy 
distribution plotted as function of energy in a doped quantum 
well APD at an applied electric field of 150.0 kV/cm, the three 
curves corresponding to the distribution function within high 
field AlGaAs layer 11, GaAs well layer 13, and low field AlGaAs 
layer 14; 
Fig. 14 shows, in graphical form, the hole energy 
distribution plotted as function of energy in a doped quantum 
well APD at an applied electric field of 150.0 kV/cm, the three 
curves corresponding to the distribution function within high 
field AlGaAs layer 11, GaAs well layer 13, and low field AlGaAs 
layer 14; 
Fig. 15 and 16 show, in pictorial form, two APDs fabricated 
in accordance with the present invention; and 
Fig. 17 shows, in pictorial form, a flow chart of the Monte 
Carlo analysis performed to determine the optimal range of 
parameters for embodiments of the present invention. 
To facilitate understanding, identical reference numerals 
are used to designate elements common to the figures. 
Detailed Description 
~he present invention pertains to a low noise superlattice 
avalanche photodetector (APD) comprising repeated superlattice 
units formed from a p+-i-n+ Al 0 •45 Ga 0 •55As region immediately 
followed by near intrinsic layers of GaAs and Al 0•45Ga0•55As. By 
h 'b d . + . + 1 doping t e layers as descr~ e , ~.e., p -~-n A 0 •45 Ga 0 •55As 
layers followed by ear intrinsic layers on GaAs and 
Al 0•45Ga 0•55As, the electric field is made asymmetric in the unit 
cell. When the APD is reverse biased, electrons are accelerated 
in a high electric field region before being injected into the 
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reg1.on before being inJected into the Ga.As layer. The combined 
action of being accelerated in a high electric field and 
subsequently being injected over the heterointerface between ~he 
AlGaAs and GaAs layers produces very hoc electrons wi~hin che 
narrow bandgap GaAs layer. The electrons are sufficiently hot 
that substantial impacc ionization occurs. Conversely, the holes 
undergo little heating within the low field intrinsic 
Al 0 • 45 Ga 0 • 55As layer before being injected into the narrow 
bandgap GaAs reg1.on and few, if any, impact ionization events 
occur. The holes do, of course, also drift in the high field p+-
l.-n+ reg1.on. However, after that, they enter the low field 
1.ntr1.nsic AlGaAs layer where the bandgap is much larger than in 
the GaAs layer, and in which layer they lose energy before being 
l.nJec~ea into the narrow bandgap GaAs layer. As a result, che 
hole ionization rate in the GaAs layer is low. Judicial choices 
of layer chicknesses and doping concentra~ions can result in a 
substantial electron ionization rate and for a negligible hole 
l.Onization rate. 
I have modeled the doped quantum well APD using a many 
particle, ensemble Monte Carlo technique which is particularly 
well adapced for high energy, high field transport. The full 
details of the GaAs conduction band structure derived from an 
empirical pseudopotential calculation disclosed in an article 
entl.tled "Band Structures and Pseudopotential Form Factors for 
Fourteen Semiconductors of the Diamond and Zinc-Blende 
Structures," by M. L. Cohen and T. K. Bergstresser, ~hys. ReYL, 
Vol. 141, 1966, pp. 789-796, as well as the full det<iils of both 
the GaAs and Alo. 45Gao.ssAs valence band struccures derived us1.ng 
a k*fi calculation are included in the analysis. Although I did 
noc have the full details of the AlGaAs conduccion band 
structure, it can be modeled from che GaAs and structure by using 
a modified energy gap and 1.0n1.zacion energy. Although the 
substitution of GaAs in place of AlGaAs may introduce some error 
both Gamma and L are degenerate in Al 0. 45Ga 0. 55As while they are 
separated ny 0.30 eV in GaAs, I expect that the band structures 
are reasonably similar at the high electron energies ~1here impact 
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ionization occurs. Nevertheless, the inclusion of the full 
details of the AlGaAs valence band structure is more crucial to 
the model analysis since optimal APD performance requires a 
negligible hole ionization rate. Hole ionization within the high 
field AlGaAs region, as well as within the GaAs layer, must be 
avoided. This places constraints on the doping levels and layer 
widths used in the structure. For example, I have discovered 
that significant hole ionization occurs within bulk 
Alo.45Ga 0•55As for applied electric fields at or above 300 kV/cm. 
I have included the following electron and hole scattering 
mechanisms in the model calculations: polar scattering, 
deformation potential, carrier-carrier, impact ionization, and 
alloy scattering within the AlGaAs. I treated impact ionization 
as a scattering mechanism in accordance with an article entitled 
"Concerning the Theory of Impact Ionization in Semiconductors," 
by L. V. Keldysh, Zh. Eksp. Teor. Fiz., 1965, Vol. 48, pp. 1692-
1707, Soviet Physics. - JETP, 1965, Vol. 21, pp. 1135-1144. As a 
control for the calculations, I first calculated both the bulk 
GaAs and AlGaAs electron and hole impact ionization rates and 
compared them to existing data from an article entitled 
"Experimental Determination of Impact Ionization Coefficients in 
(100) GaAs," by G. E. Bulman, v. M. Robbins, K. F. Brennan, K. 
Hess, and G. E. Stillman, IEEE Electron Dev. Lett., Vol. EDL-4, 
pp. 181-185, 1983. My model is able to isolate the effect of the 
APD geometry on the ionization rates, doping, layer widths, and 
so forth, because any difference between the calculated bulk and 
superlattice ionization rates must be due solely to the presence 
of the superlattice structure. 
The built-in field profile within the p+-i-n+ region of 
layers 10-12 shown in Fig. 2 is calculated from the one-
dimensional Poisson equation. From Gauss• law, when the net 
charge in n+ layer 12 and p+ layer 10 is the same, the high field 
region is completely confined to p+-i-n+ layers 10-12. The 
reverse bias applied by voltage source 33 must be sufficiently 
large to fully deplete n+ layer 12 and p+ layer 10. Additional 
reverse bias will only add a constant electric field 
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perpendicular to the layers which acts to accelerate the carriers 
through the structure. Upon encountering the GaAs/AlGaAs 
heterointerface between layers 12 and 13 for electrons and 
between layers 13 and 14 for holes, the electrons and holes gain 
a kinetic energy boost equal to the conduction and valence band 
edge discontinuities, respectively. The band edge offsets are 
chosen in accordance with the 60/40 rule disclosed in an article 
entitled "Energy-Gap Discontinuities and Effective Masses for 
GaAs-AlGaAs Quantum Wells," by R. c. Miller, D. A. Kleinman, ad 
A. C. Gossard, llys. Rev. B., Vol. 29, 1984, pp. 7085-7087 and an 
article entitled "Parabolic Quantum Wells with. the GaAs-AlxGa 1 _ 
xAs System," Uys. Rev. B Vol. 29, 1984, pp. 3740-3743. 
For the GaAs/AlxGa 1_xAs material system the energy bandgaps 
are 1.42 ev and 1.99 ev, respectively. Using the 60/40 rule, the 
conduction band energy difference at the heterointerface is .347 
eV, whereas the valence band energy difference at the 
heterointerface is .213 eV. The large energy difference at the 
valence band shows why it is so important to cool the holes 
before they impinge upon the GaAs ionization layer. 
For small GaAs well widths, i.e., widths of GaAs layer 13 
that are less than 200 angstroms, spatial quantization effects 
become important. As is well known, spatial quantization 
introduces subbands within a quantum well that lie above the 
conduction band minimum [reference Dingle]. The carriers can 
thermalize no lower in energy than the first subband rather than 
at the conduction band minimum. The subbands are calculated from 
a solution of the Schrodinger Equation for a finite square well. 
Since the barrier region--the separation distance between 
adjacent wells, i.e., the distance between layer 13 in adjacent 
superlattice units--, is very large, I neglected tunneling 
effects between wells. For simplicity, I only considered the 
effect of the first subband. Spatial quantization has two 
important effects on electron and hole transport in the APD. 
First, the effective barrier height is reduced when subbands are 
present, thus, carriers gain less energy from the 
heterointerface. Second, the effective threshold energy for 
34 
impact ionization is larger than in the bulk since the effective 
bandgap is 1ncreased. I included both of these effects in my 
calculat1ons. 
The principal equation governing transport phenomena in a 
solid is the Boltzmann Transport Equation. However, in a 
complicated system like a solid, the Boltzmann equation is 
exceedingly difficult to solve while at the same time retaining 
the essential physics of the process. Thus, its general solution 
requ1res a numerical approach such as the Monte Carlo method. I 
have developed a Monte Carlo analysis that simulates the flight 
of electrons in semiconductor materials and devices and which 
includes a real1stic band structure for the semiconductor, i.e., 
I used the full details of the band structure derived from a 
pseudopotential calculation. 
Fig. 17 shows, in pic~orial form, a flow chart of the Monte 
Carlo analysis I performed to determine the optimal range of 
parameters for emoodiments of the present. invention. An initial 
momentum and position is chosen at box 101. Since I am looking 
at a steady state solution, the method I used to choose the 
in1~1al state is 1rrelevant, for exampie in this case I used a 
Maxwell-Boltzmann distr1bution. However, if one were to compute 
a transient respo.nse for the APD, a more appropriate choice for 
an initial state m1ght entail use of the Fermi-Dirac 
distr1but1on. 
The corresponding energy is then computed from the band 
structure at box 102 and shown at box 103. The detailed band 
structure is numerically used to provide an accurate conversion 
from momentum to eneryy. A free flight tlme T(i) is computed at 
box 104 oy utilizing a random number and a representative 
scattering rate determined from a composite of the scattering 
rates for all the competing phys1cal scattering mechanis~s. The 
free flight time T(i) is used to compute a new momentum in box 
106 from the follow1ng semiclassical equation of motion: 
(7) 
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where ~ext is the effective external force on a carrier, 
including the electric field. The electric field includes ~he 
applied electric field and the force due to the doping and is 
shown in Fig. 2. 
The energy is computed from the band scructure, as before, 
in boxes 107 and 108. The results produced in boxes 106 and 108 
are accumulated for output. 
In box 109, a determination is made as to whether the 
carr1er scacters by cons1dering che scattering rates for the 
various scattering mechan1sms from box 110 along with a random 
number from box 111. If the carrier- does not scatter, it is 
assumed to cont1nue to drift under the action of the electric 
field. In the flow chart this is indicated by branch1n9 to boxes 
116 and 117 and then returning back to box 104. If the carrier 
is ~redicted to scatter at box 109, control transfers to box 112. 
There, the scattering mechanism 1s chosen stochastically by using 
a random number from box 114 and the comparative strength of the 
scatter1ng process. Box 112 determines the final state momentum 
from the physics of the scattering mechanism itself and the band 
structure input from box 113. The momentum of the scattered 
carrier is transmitted to box 115 and control returns to box 104 
for iteration. 
The Monte Carlo simulation then proceeds to accumulate such 
information in box 120 as average energy, velocity and impact 
ionization rate until a steady state is achieved. Steady state, 
111 the contexc of these calculations, occurs when the 
accumulators all average to constant values. For most of the 
calculations performed, many carriers, for example 1000-1500, are 
s1mulated simultaneously for up to 10 psec of travel time and 
yield excellenc convergence to a steady state. 
As discussed above, an ideal, noiseless, solid-state 
photodetector should have a negligible hole ionization rate 
while, P, the fraction of impact ionizations per electron per 
stage, only those which 1onize with1n the GaAs layer are 
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important, should be as close to one as possible. 
Table 1 shows how "a", "f3", and p vary with doping levels in 
a doped quantum well structure at fixed layer w~dths. 
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As the built-in field within p+-i-n+ layers 10-12 increases, 
at fixed applied field throughout, p increases dramatically. In 
addition, the average distance the electrons travel from the 
heterointerface before impact ionizing decreases The increase in 
p is due to the increase in the number of lucky-drift electrons 
within GaAs layer 13. The electrons are "superheated" by the 
electric fleld 1n p+-i-n+ layers 10-12 such that their 
distrlbution is greatly shifted in energy. Immediately 
thereafter, the electrons are injected into GaAs well layer 13. 
Upon crossing the heterointerface, the electrons overshoot the1r 
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steady state energy, i.e., they gain more energy from the field 
than is lost to phonons, and they are accelerated 
sem~ballistically to energ~es at or above the ionization 
threshold energy. In this way, the electron ionization rate 
within GaAs layer 13 is greatly increased from its bulk value. 
However, As can be seen in Table 1, as p increases through the 
action of the built-~n field, so does the hole ionization rate 
also increase. Consequently, a tradeoff exists between the hole 
~onization rate and p, i.e., the favorable increase in p is 
offset by the unfavorable increase in "B"· This shows that an 
optimal device design exists, i.e., one which maximizes p and 
minimizes "S 11 • 
The following shows how p, "a", and "S 11 depend upon the 
w~dth of AlGaAs high field region layer 11, the width of GaAs 
well layer 13, and the overall applied electric field. 
Fig. 3 shows the dependence of p upon the width of high 
field intrinsic AlGaAs layer 11. All the other parameters, 
including the electric field are held constant at the values 
listed in Fig. 3. p clearly shows a maximum at a layer width of 
200 angstroms. This can be understood on a physical basis as 
follows: The "superheating" of the electron distribution depends 
upon the width of the p+-i-n+ layers 10-12. When the width of 
p+-i-n+ layers 10-12 is small, the net energy gain from the 
electric field per electron is not large. As a result, most 
electrons do not impact ionize upon being injected into adjacent 
GaAs layer 13. As the width of layer 11 increases, however, more 
electrons become hot enough so that upon being injected into GaAs 
layer 13, they impact ionize. However, if the width of p+-i-n+ 
layers 10-13 becomes too large, the electron impact ionization 
will occur within high electric field AlGaAs layer 11. Then the 
number of electrons which impact ion~ze within GaAs well layer 13 
decreases, resulting in a lower value of p. 
Fig. 4 illustrates how "a" and "S" depend upon the width of 
high field AlGaAs layer 11. Holes are heated in high field layer 
11, along with electrons. As a result, there is a substantial 
increase in the hole impact ionization rate as the width of layer 
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11 increases. In addition, most hole impact ionization events 
occur within GaAs layer 13. This is so even though the holes are 
not immediately injected into GaAs layer 13 from the high field 
region of layers 10-12. Even though holes have to pass through 
the cool1ng region of low field AlGaAs layer 14, the cooling 
within layer 14 is insufficient to totally reduce the hole 
ionization rate. Moreover, an increase in the width of high 
f1eld layers 10-12, also results in hole i onization within AlGaAs 
layers 10 and 12. 
Fig. 5 shows the dependence of p upon the width of GaAs well 
layer 13. For small widths of GaAs well layer 13, p is small, 
<0.10. The electron ionization rate is also less in very narrow 
width GaAs layer 13 devices as shown in Fig. 6. As discussed 
above, the effect of spatial quantization acts to reduce the 
electron ion1zation rate through the increase in the ionization 
threshold energy and the decrease in the effective 
heterointerface barrier height. Consequently, the peak values of 
both p and "a" occur when the width of GaAs well layer 13 is 
sufficiently large that quantization effects are less important, 
i.e., approximately 200 angstroms. As the width of GaAs layer 13 
increases further, p and "a" both decrease since the electrons 
are cooled more effectively by drifting within a now larger total 
low electric field region. As can be seen in Fig. 6, the hole 
ionization rate is effectively zero for all values of the width 
of GaAs layer 13. The small ionization rate calculated for a 400 
angstrom wide GaAs well layer 13 is statistically insignificant. 
As the width of the low field region increases, either 
through increasing the width of GaAs well layer 13 or low field 
Al 0 •45 Ga 0 •55As layer 14, the electron and hole ionization rates 
decrease. The low field region of layers 13-14 cool both the 
electron and hole distributions. As can be seen in Table 2, the 
hole ionization rate decreases more with increasing width of the 
low field region than does that of the electrons~ The hole 
energy relaxation rate is much larger than the electron 
relaxation rate. Consequently, the holes relax faster to the 
correspond1ng low field steady state distribution. 
40 
Table 2- DEPENDENCE OF "a~~·. AND P ON THE WIDTH OF THE 
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exist in the doped 
quantum well APD of the present invention. It is desirable to 
highly dope the p+-i-n+ layers 10-12 to produce an extremely 
large electric field. However, too large an electric field 
results in a large hole impact ionization. Likewise, there 
exists an optimal length for the high field intrinsic layer 11 
such that hole ionization does not occur, yet significant 
electron heating does, resulting in a substantial increase in p. 
Spatial quantization effects should be avoided in GaAs well layer 
13. However, as the widths of GaAs layer 13 and low field AlGaAs 
layer 14 increase, the electron impact ionization rate decreases, 
owing to the cooling effects within the low field region of 
layers 13-14. 
In Figs. 7-12, the effect of the applied electric field upon 
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increases, p increases dramatically. Simultaneously, ~"and "6" 
increase as well. Fig. 11 shows that p greater than 0.8 is 
attained at a field of 500.0 kV/cm. Figs. 7-12 show that a large 
value of p, approaching a fully deterministic electron 
ionization, is inconsistent with a simultaneously negligible hole 
1onization rate in the GaAs/AlGaAs material system. The 
conduction band edge discontinuity at the GaAs/AlGaAs 
heterointerface is not a large fraction of the band gap energy. 
As a result, the electrons are not sufficiently heated upon being 
inJected into GaAs well layer 13 to cause impact ionization to 
occur. Attempts to further heat electrons through use of high 
field p+-i-n+ layers 10-12, result in substantial increase in "6" 
as well. I expect that a material system where the energy 
difference in the conduction band discontinuity is a greater 
fraction of the bandgap energy in the narrow bandgap layer, e.g., 
layer 13, will provide a better medium for an ideal, 
photomultiplier-like device. An example of such a material 
system is Alxinl-xAs/Gayinl-yAs. 
Figs. 13 and 14 show the electron and hole energy 
d1stribution functions in GaAs layer 13, low field AlGaAs layer 
14, and within high field AlGaAs layer 11 for the APD described 
in Figs. 11 and 12 at an applied field of 150.0 kV/cm. As can be 
seen from Fig. 13, the electron distribution within GaAs quantum 
well layer 13 has two peaks, one at very low energy and another 
at approximately 0.60 ev. The low energy peak is due to the 
electrons which have impact ionized after transferring into GaAs 
layer 13. The impact ionization process acts to greatly cool the 
superheated distribution and results in many low energy electrons 
in the well of layer 13. The long tail in the electron 
distribution is due to exceptionally hot carriers being injected 
into the well of layer 13. Note that the tail of the 
distribution extends well beyond the ionization threshold energy 
of 1.55 eV since I assume a "soft" threshold. As shown in the 
figures, and as is expected, the electron distribution is cooled 
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considerably within low field AlGaAs layer 14. The high electric 
field with p+-i-n+ layers 10-12 heats the electrons but the 
distribution is still cooler than that in the corresponding GaAs 
layer 13. The difference being due to the additional kinetic 
energy boost from the GaAs/AlGaAs heterointerface upon entering 
GaAs layer 13. 
The hole energy distribution is presented in Fig. 14. 
Contrary to the case for the electrons, the holes are hottest 
within high field AlGaAs layer 11. The hole distribution is much 
cooler within GaAs well layer 13 s1nce the holes are injected 
thereinto from low field AlGaAs layer 14. Even though the tail 
of the hole distribution crosses the ionization threshold, the 
hole ionization rate is negligible since the threshold is nsoftn. 
It is important to notice that the 1onizacion events do not 
necessarily occur when the distribution tail exceeds the 
threshold energy. The likelihood of an ionization event also 
depends upon how long a carrier remains at or near the threshold. 
This is a function of scattering rate. 
As a result of the above-described analysis of the doped 
q~antum well superlattice APD, I have determined the following to 
be an optimal set of parameters: 
1. doping of p+ layer 10 and n+ layer 12 
the optimal doping lies in the range between 7 x 10l8 cm-3 
and 1 x 1019 cm-3. 
2. width of layers in the high field p+-i-n+ regi,on of layers 
10-12 
(a) the most important width is that of intrinsic AlGaAs 
layer 11, it should have a width in the range between 50 and 100 
angstroms 
(b) the widths of p+ layer 10 and n+ layer 12 should be as 
small as possible but should enclose a large amount of charge and 
should both be in the order of 50 angstroms 
3. width of GaAs well layer 13 
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the optimal width lies in the range between 180 and 300 
angstroms. Very small widths result in quantum mechanical 
spatial quantization effects which are deleterious to device 
performance by causing two effects, both of which effects act to 
reduce "a" and p: 
(a) as the layer width decreases, spatial quantization 
levels lie at higher energies. Consequently, the effective 
barrier height decreases and the impact ionization threshold 
energy increases. 
(b) too large a layer width acts to reduce "a" because fewer 
ion1zations occur per unit length 
4. width of low field AlGaAs layer 14 
the optimal width lies in the range between 200 and 500 
angstroms. It is important to have a sufficiently long region so 
that holes can cool after crossing from the p+-i-n+ layers 10-12 
before entering GaAs layer 13. However, if layer 14 is too long,. 
as described above, "a" will be reduced. 
5. applied electric field 
the optimal appl1ed electric field lies in the range between 
100 and 200 kV/cm 
6. percentage of Al in the AlxGal-xAs composition 
the optimal percentage lies in the range between .40 to .45 
or wherever the transition between the direct/indirect band 
energy transition occurs. This range will provide the largest 
difference between the conduction band edges of the GaAs and the 
AlGaAs. 
Figs. 15 and 16 show, in pictorial form, two devices 
fabricated in accordance with the present invention. 
Fig. 15 shows APD 87 being fabricated upon GaAs semi-
insulating substrate 51, for example a Cr-doped (001) oriented 
semi-lnsulating GaAs substrate. Illustratively, APD has a mesa 
geometry. n+ GaAs layer 52 is epitaxially grown upon substrate 
51 by liquid phase epitaxy (LPE) or by molecular beam epitaxy 
44 
(MBE); typically n+ layer 52 is doped with Si. Layer 52 is 
etched to permit the deposition of metal electrode 42 thereon and 
is h1ghly doped to enable a low resistance connection to metal 
electrode 42 and a low voltage drop between the electrode and 
superlattice 54. Metal electrode 42 may comprise an Au-Ge alloy 
which is sintered onto layer 52. n-type GaAs layer 53 is 
epitaxially grown on layer 52. ThE~ widths of GaAs layers 52 and 
53 depend only on the frequency response of the device. 
Otherwise, the widths can be taken to be whatever is necessary 
for proper doping, metallization and mechanical stress support. 
Superlattice 54 is epitaxially grown by MBE on layer 53. 
Superlattice 54 comprises a multiplicity of units of p+-i-n+ 
AlGaAs layers 10-12, intrinsic GaAs layer 13 and intrinsic AlGaAs 
layer 14 shown in Fig. 1. The widths of the layers in each unit 
of superlattice 54 are taken from the optimal parameters set 
forth hereinabove. The number of units to be used in any 
particular device depend on the frequency response of the 
device--the higher the frequency response, the fewer the number 
of units--and the desired gain of the device. The gain can be 
simply estimated from: 
G - (l+p)N (6) 
where N = number of units. 
Thus, if we want a gain of 1000 when p = .1, then N must be 
approximately 72. Because the p+ and n+ layer~ of p+-i-n+ layers 
10-12 of the superlattice unit are heavily doped, almost all the 
voltage drop across the unit occurs across the intrinsic region. 
In addition, the voltage depletes the p+-i-n+ region and provides 
a uniform field in the intrinsic region. 
P+ Alo.4 5Ga 0 •55As layer 55 is epitaxially grown by MBE on 
superlatt1ce 54; typically, p+ layer 55 is doped using magnesium, 
beryllium, or zinc. Metal contact 41 is deposited on layer 41 
and has an aperture to permit incident radiation 71 to impinge 
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upon layer 55. Layer 55 is heavily doped to enable a low 
resistance connection to be made to metal electrode 41. The Al 
concentration in AlGaAs layer 55 depends upon the wavelength of 
the radiation one desires to detect. The maximum photon energy 
detectable using the GaAs/AlxGa 1_xAs material system is 1.99 ev, 
corresponding to x = 0.45. The thickness of layer 55 depends 
upon the absorption coefficient of the material and the material 
quality, particularly the diffusion coefficient of electrons, and 
the surface state concentration. The higher the quality the 
material, the thicker the layer can be. Advantageously, the 
radiation should be absorbed within a diffusion length of the 
region where avalanche multiplication takes place; super lattice 
54. In practice, the thickness of layer 55 should be 
approximately .1 to .5 urn thick. 
Fig. 16 shows another embodiment of the inventive APD. 
Here, APD 88 is fabricated upon n+ GaAs substrate layer 62. 
Metal electrode 61 is deposited directly upon layer 62. 
Hereinafter, layers 62-65 and electrode 66 are directly analogous 
to layers 53-55 and electrode 41 of Fig. 15. 
Clearly, those skilled in the art recognize that further 
embodiments of the present invention may be made without 
departing from its teachings. For example, the teachings could 
be expanded for use on the AlinAs/GainAs material system. There, 
advantage accrues from the fact that the bandgap energies are 1.5 
eV/0.7 ev. This produces the desired enhancement in electron 
kinetic energy as the electron traverses the heterointerface, 
said enhancement being even greater than that which occurs with 
the GaAs/AlGaAs material system. 
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3. MBE GROWTH OF GaAs AND AlGaAs 
The Varian GenII MBE system was received by Georgia Tech in 
July 1985 and after assembly and checking, accepted in late 
August. Since then, the system has been prepared for growth and 
calibrated for the Si-doping of GaAs and the growth of AlGaAs. 
These procedures are described briefly in the following sections. 
3.1 Preparation of MBE Gen II System 
The system was put together by factory representatives and 
after bake out, the pressure in the growth chamber without 
cooling was in high lo-11 Torr. The transition tube and the load 
lock system had low 10-9 Torr pressure. The eight furnaces were 
individually baked at 700°C in the load lock for 24 to 48 hours. 
PBN crucibles without cleaning were placed in the furnaces and 
baked individually at 700°C in the load lock for 24-48 hours. 
All eight crucibles and furnaces were then placed in the growth 
chamber and sequentially baked at 1600°C for one hour, 1400°C for 
two hours, 1200°c for two hours, and l000°C for two hours. Two 
of the 40cc downward pointing furnaces were subsequently loaded 
with preformed, 7 N's purity As slugs obtained from United 
Mineral and Chemical Company, NY. A 16cc upward looking crucible 
was filled with 7 N's purity Ga (in frozen slug form) from 
Alueswisse (Ventran). In another 16cc crucible we placed a few 
small pieces of aluminum pellets of 5 N purity obtained from 
Electronic Space Technology, CA. These crucibles were then 
further baked out. The As at 350°C for one hour, Ga at 1400°C 
for one hour and Al at 1500°C for one hour. 
Finally, the entire MBE and Auger spectroscopy system was 
baked out for a two week period. The final pressure in the 
growth chamber was in the lo-11 Torr range~ 
After 20 preliminary experimental runs, the system was 
loaded with Be of 4.5 N's purity, obtained from Electronic Space 
Technology, Inc., CA, (this was the highest purity that could be 
obtained) and with Si of >7 N's purity obtained from Dr. Heiblum 
of IBM. The Si and Be crucibles were then baked at 1700°C for 
47 
one hour and the system was baked for a week before further 
experiments were performed. 
3.2. ~tern Calibration 
The system was first calibrated to determine the dependence 
of the GaAs growth rate at a temperature of 600°C on the Ga flux. 
For these runs, the PAs4/PGa ratio was maintained between 15 and 
20. As observed from Figure 1, the growth rate increases 
linearly with Ga flux and a Ga flux of 7.8 x J.o-7 Torr is 
required to establish a growth rate of 1 urn/hr. These growth 
conditions were maintained for all future calibrations involving 
doping studies and the growth of AlGaAs. In this latter study 
considerable delays were experienced because the system was 
delivered without the As 2 crack source. This necessitated using 
the conventional As 4 sources. These are quite acceptable for 
GaAs, but their use requires that the AlGaAs alloys be grown at 
700°C, approximately 100°C above the usual growth temperature for 
GaAs and the temperature that can be used for AlGaAs growth using 
a As 2 source. For temperature above 650°C, the Ga sticking 
coefficient decreases rapidly with increasing temperature. Thus 
the growth of AlGaAs with a As 4 source requires very accurate 
temperature control. Unfortunately, in the new Varian Gen II 
system the thermocouple used to measure and monito .r the sample 
temperature is physical decoupled from the substrate ensemble in 
order to allow for sample rotation. As a consequence of this 
arrangement the growth surface temperature can differ by as much 
as 60°C from the thermocouple reading. This difference is also 
very dependent on the properties of the substrate holder and thus 
can differ appreciably from run to run. This means that because 
of the strong dependence of the Ga sticking coefficient on 
temperature above 650°C the Al:Ga ratio can vary significantly 
unless the substrate temperature is monitored directly. Because 
of this effect it was not possible to obtain reproducible data, 
i.e., targeted Al:Ga ratios, in the first set of runs as shown in 
Figure 2. However, the initial calibration runs taken on the 
sgme substrate showed very good agreement as demonstrated by Fig. 
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3. As a result of these problems a near infrared sensitive 
optical pyrometer has been installed in the MBE system in a 
position to directly observe the substrate surface temperature. 
Also the use of RHEED to monitor temperature related changes in 
the substrate surface conditions has been employed to obtain an 
accurate calibration of the surface temperature. These include 
measurement of the oxide desorbtion temperat~re at -sao0 c and the 
point of congruent evaporation of GaAs at 640°C. With these 
procedures, the experimental accuracy and control over the Al:Ga 
ratio has increased significantly as shown in Figures 4 and 5. 
Figure 4 shows the Al/(Al+Ga) ratio or X-value obtained from 
Auger measurements as a function of the beam equivalent pressure 
(BEP) of Al for twelve samples grown. The scatter in the data 
is believed to partly result from the difficulty experienced in 
obtaining reproducible Auger data in addition to some problems in 
obtaining stable growth conditions. Figure 5 shows the most 
recent data obtained for the systems calibration using 
photoluminescence data. In this figure the peak 
photoluminescence energy is plotted as a function of the beam 
equivalent pressure ratio [Al/(Al+Ga)] measured by the flux gauge 
in the system. For these last seven runs the correlation between 
sample properties and system parameters is excellent as shown. 
In Figure 6, the dependence of the electron-concentration 
produced in GaAs by doping with Si is shown as a function of the 
reciprocal temperature of the silicon oven. As observed, the 
electron concentration has the expected dependence on temperature 
and demonstrates that we achieved doping levels between 4 x 101 8 
to <1 x 1015 cm-3 for silicon doping. This data was taken 2-3 
months ago and indicates that for oven temperatures less than 
1350K our background doping level was 7 x 1014 cm-3. 
It should be noted that these data were taken on 4-5 urn 
thick layers which were grown on n-type GaAs substrates with a 
0.5 urn thick buffer layer between the doped layer and substrate. 
Recently, we have grown a large number of AlGaAs layers and thus 
expect the system to be cleaner because of the gettering action 
of Al. This and the use of new types of buffer layers such as 
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the growth of a series of very fine AlAs-GaAs superlattices 
within the GaAs buffer layer has produced a significant reduction 
in the background doping level. GaAs samples grown without Si 
doping have very high resistivities which makes precise 
measurement of their electrical properties very difficult. 
However, the indications are that these samples can be slightly n 
or p-type. This is a significant result and suggests that the 
system is very clean. For example, the background conditions for 
typical MBE systems normally show p-type doping in the 1014 cm-3 
range because of the presence of carbon. 
The electrical data obtained so far are listed in Table 1 
and show several samples with 77K mobility values exceeding 
60,000 cm2/vs. 
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Table 1. Electrical Properties of MBE Grown GaAs:Si at 77K. 
Sample N(cm-3) u(cm2/vs> 
B86-16 9.9 X 1Ql4 .67,202 
B86-14 1.27 X 1.015 61,415 
B86-15 2.92 X loiS 40,328 
B86-18 6.43 X 1015 27,620 
B86-ll (undoped) slightly n-type <1012 cm-3 
B86-19 (undoped) slightly p-type 
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1. SUMMARY 
This report describes research on the theoretically modeling 
and growth of new material structures i:n the AlGaAs system for 
fabrica·ting "High Performance Photodiodes." 
In the first phase of this work, t.heoretical studies were 
performed to realistically describe the mechanisms controlling the 
operation of the new superlattice avalanche photodiodes, proposed 
as offering significant improvements in performance, i.e., high-
gain with ultra-low excess-noise contribut.ion. This formalism was 
successfully accomplished and led to the invention of two new doped 
superlattice avalanche photodiode structures which, from the 
modeling studies, should result in still further enhancements in 
photodet.ector performance. Patents for these inventions have 
recently been filed by Polaroid. 
In the second phase of this program, an MBE facility for 
growing high quality AlGaAs and GaAs epitaxial layers, both with 
high purity, and with heavy controlled n- and p·-type doping 
concentrations was developed. Additionally, this capability was 
applied to the growth of AlxGa1-i(As/GaAs superlattices and 
conventional and superlattice PIN avalanche photodiode structures. 
These latter structures were fabricated into test devices and 
preliminary electrical and optical characterizations performed. 
Reasonable current-voltage characteristics were obtained on these 
early device structures and photodetection was demonstrated. Work 
is continuing as rapidly as possible in this area. The highlights 
of this program are described in Section 3, which for completeness 
is preceded by a discussion on new photodiode device structures. 
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2. BACKGROUND AND TECHNICAL DISCUSSION 
One of the most effective structures for realizing the 
requirements for fast infrared detectors is a shallow junction n-
i-p device in which the space-charge depletion width is greater 
than 2/a, where a is the absorption coefficient of the detector 
mater~al at the signal wavelength.l,2 For this design criteria 
90% of the signal raditation is absorbed within the depletion 
region and creates an electron-hole distribution that is 
immediately separated and sensed by the junction. The frequency 
response of che device is then given by the transit time for 
carr~ers co drift across the junction and/or the RC time constant 
result~ng from the capacitance and resistance of the space-charge 
reyion and external circuitry. By construccing p-i-n structures 
in wDich the signal radiation is absorbed in the depletion width 
and using small devices to limit the RC product, operation to 10 
GHz is possible witn high signal-to-noise ratios. 
Avalanche Photodiode (APD} 
As is well known, the performance of a p-i-n device can oe 
f=iign~t~cantly enhanced by reverse biasing to the avalanche 
cond~tion so as to prov~de incernal gain. In this process the 
~hoco-exciced tree carriers are accelerated by the eleccric field 
and gain sufficient energy such that a collision wi'th a valence 
elec'tron exc1tes the electron to the conduction band ~eav1ng a 
free hole in the valance band. This process, called impact 
ionization, is repeated for the newly generated electron and hole 
which in turn impact ionize and produce more carriers. Thus the 
avalanche process can provide very large amplification of the 
original signal. It should be noted that the avalanche mechanism 
also produces more noise, but for typical near-infrared detector 
applications where the thermal noise of the external circuitry 
dominates the total device noise, the current gain produced by 
avalanche multiplication results in a corresponding increase in 
the cotal systems signal-co-noise ratio. 3 
Tnus to optimize the performance of an APD it is necessary 
to maxirn1ze tne current gain and co minimize the excess noise 
2 
(a) 









Figure 1. Reach- through APD, (a) Doping profile 
(b) Electric field distribution (c) Energy 
band diagram under bias conditions. 
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contribution from the avalanche process and its effect on the 
bandwi~th of the diode. Theoretical considerations show that 
these conditions can be realized when there is a large difference 
between the carrier ionization rates and the avalanche is 
initiated by the carrier with the higher ionization coefficient.S 
It is also found that this situation makes the multiplicat1on 
rate of charge carriers less strongly dependent on field strength 
enabling better control to be obtained over the gain processes. 
The material requirements for avalanche photodiodes are 
therefore a high absorption coefficient to absorb the radiation 
in the depletion width, high drift velocities to minimize carrier 
trans1t times, and a large difference between the electron and 
hole ionization rates. To simultaneously realize all of these 
conditions in a simple p-n junction device is impossible and thus 
to ayoid compromising performance new device structures have been 
developed. 
A significant advance in APD design was made with the 
introduction of the reach-through structure shown in Figure 1. 5 
In this structure the function of the p+-n-p region is to aosorb 
the photon flux and provide a high electric field to separate the 
electron-hole pairs produced by photo-annihilation. Holes are 
immed1ately swept to the p+ junciton and out of the device; 
concurrently electrons are accelerated to their maximum drift 
veloci~y. When the electrons reach the p-type layer they are 
accelerated further by the high field across the narrow p-n+ 
region to produce charge multiplication and current gain. Thus, 
the processes of electron-hole pair generation and charge 
mult1pl1caton are spatially separated making it possible to 
o~t1mize each process and the total performance of the device by 
the correct choice of doping profiles, structure length and 
applied voltage. The quantum efficiency and speed of response of 
the device are determined by the p+-TI-p region. Near unity 
quantum efficiencies can be ootained by making the length of this 
region equal to 2/a • The speed-of-response is limited by the 
limiting carrier velocity in the p+-TI-p region divided by its 
length. Thus for carier velocities of approximately 2 x 107 cm/s 
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ana ·a >104, bandwidths greater than 100 GHz are possible. 
The most successful APD devices to date have used Si because 
the electron ionization rate is much greater than the hole 
~onizat1on rate in this material. Germanium APD's whose spectral 
response extends out to 1.8 urn have been developed but are verl; 
noisy oecause the electron and hole ionization rates are nearly 
e<;ual. 
At ~resenc, the major thrust in APDs is to use alloys based 
on III-V sem1conductor systems such as AlGaSb, GainAs, and 
InGaAsP, because these semiconductors allow the wavelength 
res.t-'onse of the 01ode to be var1ed by adjusting the allo~ 
compos1cion. Tnese material systems can also be lattice matched 
over ar. af'_fJreciable range of alloy compositions thus enabling the 
fabrication of heterojunction devices that can result in a 
s1ynificant 1ID!Jrovement 1n device performan<.;e. It should be 
emphasized that exact lattice matching is essential for these 
str~ctures oecause a mis-match between layers will produce 
1nterface sLates ana stress ~radients that will degrade device 
per:tor~ance and result in failure at high electric fields. 
Besides improvin~ device characteristics it has recently 
oeen realized that new device structures can ne faoricated oy 
mol~cular beam epitax~ that enable the ionization ratio between 
electrons and holes to oe artif1cially enhanced. Th1s is ver~ 
signii1cant because for most III-·V semiconductors the electron 
ana hole 1cn1zation rQtes are nearly equal.3 Several schemes 
oeing investigated for enhancing the performance of APDs are 
aescribed below. 
Heterojuoction APD (HAPD) 
This device is the simplest of the new heterojunction 
structures current!~ ne1n~ investigated and has principally been 
:taor1cated in GainAs and GainAsP alloys grown on InP.6,7 These 
allo~s are used because they can be perrectly lattice matched to 
InP and have a spectral response extend1ny to 1.6 urn as required 
tor opt1cal fiber communication l1nks. The actual structures 
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F~gure 2. (a) Eneray-band diaqram of a InP-GainAs hetero-
junction at equilibriu~. (b) Energy-band diagram 
at avalanche breakdown. 
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InP/n-GainAsP/n-InP/p+-InP where the extra InP layer in the last 
device is used as a window. As shown in Figure 2, light is 
aosoroed by the ternary or quarternary layer, and the avalanche 
process is optimized to achieve hole injection by adjusting the 
dopiny and layer thicknesses so that under reverse b1as the n-InP 
depletion layer reaches through into the GainAs or GainAsP layer. 
The heterojunction is used to reduce the dark current leakage in 
the device thus enabling highez~ voltages to be applied to 
increase the gain. The performance of these devices is 
significantly better than achieved with Ge APDs, but because the 
hole to electron ionization ratio is small, it is far from that 
possible with a more optimized material or device structure. 
Superlattice APD 
A third type of APD structure recently proposed and 
demonscrated by Capasso et al.8 makes use of the dependence of 
the ionization rate on bandgap energy and the conduction band 
ea~e d1scontinuity between undoped GaAs and AlGaAs layers to 
~roduc€ an enhancement of the effective ionization ratio. The 
band structure of the device under reverse bias is shown in 
Figure 3. Tne dev1ce consists of a p+-type photo-collection 
electrode, a superlattice avalanche region consisting of 50 
alternating GaAs and AlGaAs layers and an n+-type collection 
electrode. The composition of the AlGaAs is adjusted to g1ve a 
0.5 eV discontinuity between the conduction band edyes of AlGaAs 
and GaAs. The photo-excited electrons are accelerated into the 
superlact1ce region and gain an energy several tenths of an 
electron volt aoove the conduction band energy of AlGaAs. When 
the hot electron enters the GaAs well, it experiences a reduction 
of the ionization threshold enery equal to the energy 
discontinuity between the AlGaAs and GaAs layers. Because the 
1onization rate increases rapidly for decreasing ionization 
threshold ener~y, the electron 1onization rate is increased b1 
this struccure. As the electron re-enters the next AlGaAs layer, 
che reverse situation occurs and the electron ionization rate 
















GaAs than in AlGaAs and the GaAs layer can be made thicker than 
the AlGaAs layer, Q net increase in the ionization rate is 
observed. The small discontinuity in the valence band has little 
1m~act on the ionization rate for holes which essentially remains 
unaltered. Thus this structure produces an enhancement of the 
eiectron to hole 1onization ratio. This device has been 
fabr1cated and shown to have a electron to hole ion1zat1on ratio 
of 10. It should be noted that the magnitude of the enhancement 
of ~he electron to hole ionization ratio is strongly dependent on 
the size of the conduction and valence band-edge discontinuities 
between the AlGaAs and GaAs layers. Conventionally, the energy 
d1fference in the vacuum potentials between the GaAs ana AlGaAs 
layers is assumed to be shared in the ratio 85:15 between the 
conduction and vaience band edge discontinu1t1es. But recent 
opt~cal data suggest the ratio should be closer to 57.4310. 
Th1s dlfterence w1ll have a large eftect on the optimum 
attainable electron to hole ionization ratio ana thus 
111ves~igat1ons need to be performed to establish its precise 
value.· The "influence of the conduction band effective mass on 
this ratio also needs to be measured. 
Graded Bandga~ Multilayer APD 
The purpose of th1s structure is to cause onl} electrons to 
o e i on i zed t h us prod u c in g h i 9 h s i 9 n a 1 g a ins w it h v e r ~· 1 ow 
noise.11,12 (Fig. 4). The structure cons1sts of a graded-
bandgap multilayer structure, each stage of which is linearly 
gradeo ili alloy composition from a low bandgap energy CEG1> to a 
hi~h band~ap energy (EG2) followed by an abrupt step back to the 
low oandga~ energy. The materials of the structure are chosen 
sucn that the largest oandgap difference ~roduces an energy 
a1scontinuity greater than the electron ionization energy, E1 , in 
the low oandgap mater1al. The operat1ng conditions of the 
structure are shown in Figure 4b. A photon-excited electron in 
the f+ region experiences the combined field of the electr1cal 
bias and bandgap grading which accelerates it toward the f1rst 










Band diagrams for (a) the unbiased graded multilayer 
region and (b) the complete detector under bias. 
1(!) 
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1mpact 1onize before it reaches the step. At the s~ep, impact 
ionizat1on occurs because the energy discontinuity is greater 
than El. This process is repeated for each step as shown 1n the 
figure. At each step the maximum theoretical gain is two, g1v1ng 
a theoret1cal gain for the structure of (2-c)N where N is the 
number of gradea layers and c is the loss at each stage. For a 
~ertec~ structure the major loss mechanism is expected to be from 
o~tical ~honon em1ssion. However, this is predicted to be small 
because i~ muse be 1nvolved in a multi-phonon process to lose all 
of the 1oniza~ion energy of the electron and because the 
electron-phonon interaction can be minimized by making the 
interface reg1on between the high and low bandga~s smaller than 
the mean free path for phonon scattering, <lOOA. 
Because the energ~ steps provide most of ~he energ~ for 
ion1za~ion the operating voltages are very low (<SV} which also 
minimizes the device leakage current. A sinsle graded layer 
device has recently oeen tested in the AlGaAs system and shown to 
~roduce a si~nlf 1cant enhancement in the elect~ron-to-hole 
1onization ratio. 
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3. REVIEW OF PROGRESS 
3.1 Hi~hlights of Theoretical Work in the 1st Contract Year 
We have developed a rigorous analysis of multi-quantum well 
and superlattice avalanche photodiode structures based on the 
numerical solution of the Boltzman Transport Equation. The 
analysis uniquely includes the most important aspects of high 
field, h1gh energy transport, i.e., the complete details of both 
the conduction and valence bands as well as all of the relevant 
phonon scattering mechanisms calculated from the full order 
electron self-energy equat:ion. A built-in control on the 
calculations is provided by first calculating the bulk GaAs 
electron and hole impact ionization rates and comparing them to 
exist1ng experimental data. The effects of the device geometry 
are then completely isolated since any difference between the 
calculated bulk and superlattice ionization rates must be due 
solely to the presence of the superlattice structure. Variations 
in the device geometry, layer widths, doping concentrations, and 
applied electric field are then examined as to their effect upon 
the calculated electron and hole ionization coefficients. 
Knowledge of the electron and hole ionization rates, or 
equivalently· the ionization probabilities, P and Q, can be used 
to predict the most 1mportant device figures of merit, the gain 
and excess noise factor. The yain can be expressed as a function 
of the number of stages, m, P and Q as, 
<M>= 
[(l+k P)m+l- k (l+P)m+l] s s 
where ks is the ratio of Q to P. The excess noise factor, Fe, 




1 ) ] +--(l+P) 
(1) 
(2) 
Therefore, a numerical optimization scheme is used to determine 
the best possible device geometry, in terms of the maximum gain 
at the lowest excess noise factor. The procedure, though time 
consuming, is extremely accurate since its predictions are based 
on a first principles assessment of the device performance. 
The optimal device structure, in terms of gain to excess 
noise performance, is one in which the hole ionization rate 
effectively vanishes, Q=O, and the electron ionization 
1-Jrobability is as close to one as possible, P=l. We have 
examined five different multiquantum well/superlattice structures 
usin9 the above mentioned procedure~, the simple multiquanturn well 
device (composed of alternating GaAs/AlGaAs layers>, the 
channeling avalanche photodiode (a interdigitated p-n junction 
dev~ce), the staircase APD, the doped quantum well device, and 
the p-n junction quantum well APD. Of these devices, it is found 
that both the doped ~uanturn well and p-n junction quantum well 
devices provide optimal performance; these structures can be 
design~d to produce high gain at low excess noise by enhancing 
the value of P well over that of Q. 
3.2 Hi~hli~hts of Ex~erimeotal Program 
Under our original agreement, the initial phase of this 
program was supported by Georgia Tech and included the calibra-
tion of the Varian Gen II System to grow high quality low doped 
n-type GaAs and also AlGaAs epitaxial layers. Following this 
work heavy n- and p-ty~ing doping of GaAs and AlGaAs was per-
formed and also PIN and SL-APD material structures were grown and 
fabricated into test devices. The details of each stage of this 
investigation is given below 
High Oualit~ GaAs Layers 
To obtain high quality pure GaAs layers which could be back 
do~ed with Si to the low lo14cm-3 range, a special procedure for 
substrate cleaning and growing a fine GaAs/AlGaAs superlattice 
structure was developed. This structure inhibits flaws ar1Ci 
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dislocation lines from propagating from the substrate into the 
growing layers, thereby increasing crystal perfection and purity. 
These techniques are listed in Fig. 5 and will be discussed in 
detail in the Final Report. A list of the samples grown, their 
do~ing conditions, and their electrical properties at 300 and 77K 
as measured from Hall effect and resistivity measurements, is 
given in Table 1. Examination of these results showed that 
electron mobilities greater than 100,000 cm2/vs were obtained for 
most sarn~les doped under lol5crn··3, with the highest mobility 
being 117,219 cm2/vs for a doping of 3.2 x lol4cm-3. The full 
im~act of these results is shown by Fig. 6 in which the electron 
mobility is plotted as a function of the electron concentration. 
As shown at 300K, the data is well-behaved and extrapolates to 
the theoretical limit at very low electron concentrations, 
<lol3cm-3. At 77K the data falls very close, or above, the line 
calc~l~ted by Stillman and Wolfel3 for samples with a compensa-
tion ratio, o , of 2. These data indicate that the compensating 
acceptor concentrations in our s~rnples are very low < lol 4cm- 3 
and this result has indeed been conf irrned by phot~luminescence 
data. It should be emphasized that the data shown in Fig. 6 
compares very favorably with published data. 
Do~in~ Studies of GaAs and AlGaAs 
ThE~ data obtained for heavy n-type Si do~ing of GaAs and 
AlGaAs are depicted in Figure 7 which shows the measured elec~ron 
concentration plotted as a function of the reciprocal of the Si-
oven temperature. As observed the data is well behaved for both 
GaAs and AlGaAs and emprical equations were determined for the 
de~endence of the electron concentration on Si-oven temperature. 
Electron concentrations of > 4 x lo18cm-3 were obtained, as 
shown, but for these samples a loss in surface quality was 
observed. Thus, for Si-doping we presently believe that a 
concentration of 3.5 x 101 8cm-3 is the maximum attainable under 
the current growth conditions of 1 um/hr at either 600°C or 700°C 
tor GaAs or AlGaAs, res~ectively. These conclusions were also 
sup~orted by the photoluminescence data taken on these samples. 
Fig. 8 depicts a similar plot for the Be-doping of GaAs ~nd 
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GROWJH·SIRUCTURE 
... ~ i - GaAs .,..> 
Na + hd - 1014cm-3 
~II. i - Ale .Ga0_6As o.s u <Ill~ 
i - GaAs 40 A 
1 - AIQ.4Gao. 6As 4!) A 150 layers 




1. CLEAN GAAs SUBSTRATES, ETCH IN 5:1:1 
2. MoUNT SUBSTRATES ON M0 HOLDERS USING IN 
3. PLACE IN LOAD-LOCK AND HEAT TO 3800C FOR 24 H. 
4. HEAT IN GROWTH CHAMBER AT 6~~0C UNDER 
As4 FLUX FOR 6~ MIN. 
5. GROW GAAs BUFFER LAYER FOR 5 MIN. AT 7000C 
6. GROW GAAs/AL0.4GA0.6As SL, 25-50 LAYERS 
AT 7~~oc 
7. LOWER SUBTEMPERATURE TO 60~0C, INITIATE 
GAAS GROWTH 
8. TURN OFF RHEEO, QMS, AND ION-GAUGES 
Figure 5. Growth structure and procedure developed for growing high-

























ELECTRICAL PROPERTIES OF MBE GROWN GaAs;Si 
(from Hall Effect Measurements) 
Si-Oven Electron ~oncentra- Electro~ Mobility 
Temp. oc tion (em- ) (em /Vs) 
300K 77K 300K 77K 
undoped slightly n-type <1o12cm-3 
1080 1.11x1o15 1 .. 21x1o15 6,922 .. 2 61,415.1 
1060 2.75x1o15 2.92x1o15 6,781 .. 9 40,327.7 
1040 9.59x1o16 4 .. 94x1o14 3,730.2 103,342.3 
1100 7.05x1o15 5 .. 50x1o13 6,378.0 38,871.5 
1125 1.57x1o16 6.43x1o1 ~> 5,396.8 27,620.3 
undoped slightly p-type 
1025 
1000 2.98x1o16 6.43x1o15 1,662.6 17,394.9 
980 
1000 5.61x1o14 6 .. 18x1o 14 7,718.3 105.088.2 
6.0ox1o14 (C-V) 
960 7.80x1o14 (C-V) 
960 7.05x1o 14 6.66x1o 14 7,987.6 103,353.8 
940 3.90x1o16 3.83x1o16 6,567.5 44,019.6 
0 
9600 1.oox1o14 {C-V) 
980 
940 9.50x1o14 (C-V) 
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ELECTRICAL PROPERTIES OF MBE GROWN GaAs:Si (Continued) 
Sample Si-oven E~ectron_soncentra- Electron Mobility 
No. Temp. oc t1on (em ) (cm2;vs) 
300K 77K 300K 77K 
37 922 3.22x1o14 3.45x1o14 117,219.2 
39 910 
Ohmic Contacts formed by: 
1. Au:Ge ( 12%) ; 
0 
500 A 
2. Ni; 200 A 
0 
3. Au; 1500 A 
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Figure 6. Experimental and theoretical dependence of the electron mobility 
on electron concentration for Si-doped GaAs at 77 and 300K. 
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Figure 7. Dependence of electron concentration on Si-oven temperature 
for Si-doping of GaAs and AlxGa 1_xAs. 
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TEMPERATURE (K) 
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RECIPROCAL TEMPERATURE, x 104 CK-1 ) 
Figure 8. Dependence of hole concentration on Be-oven temperature for 
Be-doped GaAs. 
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can be obtained 
oefore a loss in surface quality is observed. Identical runs 
have been performed for AlGaAs, but problems with making good 
ohmic contacts to these samples has prevented their evaluation. 
Growth of Superlattice Structures 
Sul:Jerlattices of AlGaAs/GaAs were also grown and 
characterized by photoluminescence to determine the confined 
energy states in these structure. Figure 9 shows the dependence 
of the emission energy on the width of the GaAs quantum wells in 
the superlattice. The expected dependence was obtained and the 
width of the emission peaks was also analyzed and shown to 
corres~ond to a well definition width of 2-3 monolayers of GaAs. 
SIMS data was also taken on these SL struc·tures. The 
inter~retation of this data is presently being developed and will 
oe explained in grea~er deta~l in the Final Report. 
Device Fabrication 
Figure 10 shows a cross-sectional drawing of the APD design 
oe~uy develoi:Jed ror this program. For this part of the contract, 
both P~N and SL-APD material structures were grown using the 
techniques ~reviously developed. Four masking levels consisting 
of p+ con~act, mesa, n+ contact and passivation are required for 
this design. Three effective diode diameters were selected for 
the initial investigation. These diameters are 75, 150, and 300 
microns, and their respective areas are defined by the region 
inside the p+ contact ring as shown in Figure 10. Mesa etching 
is used to electrically isolate the diodes, and contact to the 
cathode is made by ohmic contact metallization deposited close to 
the mesa. An outline of the procedure used for fabricating these 
APDs is given in Table 2. Figures 11, 12 and 13 show typical SEM 
pho~om~croyraphs of the resulting structures. As can oe seen, 
the devices snow good edge acuity and the metallizations are 
well-confined to their respective doping layers. The I-V charac-
teristics of these devices is shown in Fig. 14 and clearly 
demonstrates the electrical integrity of these structures. These 
aev~ce characteristics have oeen ooserved to be sensitive to 
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Sl02 PASSIVATION (5000A) 
AuZn ( 0.2pm) 
AuGe-Ni-Au 
• 0 • 
SOOA-100A-700A 
1pm THICK n+ GaAs LAYER • 
fE~-~~~~~~~~-~§~~~~~~~~~~~~SL; 50 LAYERSI2255A~ AGiaGAs A 
0.1pm THICK GaAs BUFFER • a1-1 s X• .4 
N + GaAs: Sl SUBSTRATE 
Figure 10. Cross Section of an APD. 
Table 2. 
APD Fabrication Process 
1. 
2. 
Remove indium from backside 














Deposit Au~n (95% - 5\) 
1000-2000 A thick 
Lift-off excess metal 
Alloy 
400°C (ramp at 800°C/min.) 
4 min. 





11. Post bake 
11ooc 
10 min. 
12. Etch GaAs 





14. Remove resist 
15. Apply N+ contact photoresist 
(see Step 4) 
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16. Deposit N+ conta~t metals 
AuGe - 500 A 
Ni - 100 A 
Au - 700 A 
17. Lift-off 
18. Alloy 





20. Deeosit Si02 
Plasma enhanced CVD 
l75oc. 
5000 A 
21. Apply passivation photoresist 









Etch rate =so A/sec. 
25. Rinse 
26. Electrical Probe 
(To ensure Si02 is removed) 
27. Thin wafer 
28. Saw 
29. Mount 
30. Wire bond 
31. Electrical T~st 
Figure 11. 
,. .. ... 
APD TEST STRUCTURES 
First APD test structures fabricated in program. 
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-.- ·. ~~· -~-~- '..:_/.~~- --~-' .. 
•• : .. {- \ )-~ • • • •• .~.-.. 4 -
- . .... : -:· .. -- . 
. - -
Figure 12. APD Structure Fabricated with 
Second Mask Set. 
Figure 13. APD at High Magnification Showing 
No :t-1esa Overhang. 
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PIN PHOTODIDE 1-V CHARACTERISTICS 
FORWARD 
75 MICRON DIAMETER 
REVERSE 
Figure 14. Room-temperature I-V characteristics measured for 
APD structu~e shown previously. 
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have been performed. 
Summary 
To summarize the achievements of the initial phase of this 
program we list on the following page the principal milestone 
achievements of the theoretical modeling, material growth, and 






















Theoretical Program started 
Model of SL-APD formulated 
GaAs - MBE System delivered and accepted 
System prepared, sources loaded and baked out 
First GaAs Sarn~le grown 
MBE System calibrated and high mobility samples 
grown 
New Modulation doped PIN SL-APD modeled 
Experimental Program started 
N- and P-Type GaAs Samples grown and evaluated 
Mew Modulation doped PN SL-APD conceived 
N- and P-Type AlGaAs Sample grown and evaluated 
AlGaAs/GaAs SL-structures grown 
Masks for APDs designed and completed 
Two patents for new device structures (PIN and PN 
SL-APD) submitted 
PIN-APDs and SL-APDs grown and fabricated 
Device structures evaluated 
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1. SUMMARY 
In this phase of this program, substantial progress was made 
in both the theoretical understanding of these devices and the 
growth and fabrication technologies of advanced superlattice 
avalanche photodiode detectors (SL-APD). 
In the theoretical area, studies continued into the basic 
physics of impact ionization and avalanching devices. It was 
demonstrated that the enhancement of the electron ionization rate 
in a SL is a special case for devices in a linear or spatially 
periodic electric field and the optimum geometry for a AlGaAs/GaAs 
SL was predicted. Also, new device geometries, the p-n 
homojunction and the p-n heterojunction SL-APD were investigated. 
Significant progress was also made in developing new growth 
techniques to achieve very planar interfaces and high n- and p-type 
doping in thin GaAs and AlGaAs layers. A reflection-high energy 
electron diffraction RHEED system was set up in the Varian system 
and used to measure RHEED oscillations during growth. From these 
measurements the thickness of the layers can be controlled to one 
monolayer thickness of GaAs (2.83A) and also the composition of 
AlGaAs determine to within 2%. Pulse and delta doping studies in 
GaAs also showed the limitation of the former technique and the 
potential of the latter method. 
The highlights of this program are described in Section 3, 
which summarizes oral reports given to Polaroid in December 1987. 
The final report for the second phase of this program will be 
submitted to Polaroid in March 1988. Section 4 describes the work 
proposed for the next phase of this contract in theoretical 
modeling, materials growth, and device fabrication and evaluation, 
which for completeness if preceded by a discussion on new avalanche 
photodiode structures. 
1 
2. BACKGROUND AND TECHNICAL DISCUSSION 
One of the most effective structures for realizing the 
requirements for fast infrared detectors is a shallow junction n-
i-p device in which the space-charge depletion width is greater 
than 2/a, where~ is the absorption coefficient of the detector 
material at the signal wavelength . 1 ' 2 For this design criteria 
90% of the signal radiation is absorbed within the depletion 
region and creates an electron-hole distribution that is 
immediately separated and sensed by the junction. ~rhe frequency 
response of the device is then given by the transit time for 
carriers to drift across the junction and/or the RC time constant 
resulting from the capacitance and resistance of the space-charge 
region and external circuitry. By constructing p-i-n structures 
in which the signal radiation is absorbed in the depletion width 
and using small devices to limit the RC product, operation to 10 
GHz is possible with high signal-to-noise ratios. 
Avalanche Photodiode lAPD) 
As is well known, the performance of a p-i-n device can be 
signif~cantly enhanced by reverse biasing to the avalanche 
condition so as to provide internal gain. In this process the 
photo-excited free carriers are accelerated by the electric field 
and gain sufficient energy such that a collision with a valence 
electron excites the electron to the conduction band, leaving a 
free hole in the valence band. This process, called impact 
ionization, is repeated for the newly generated electron and hole 
which in turn impact ionize and produce more carriers. Thus, the 
avalanche process can provide very large amplification of the 
original signal. It should be noted that the avalanche mechanism 
also produces more noise, but for typical detector applications 
where the thermal noise of the external circuitry dominates the 
total device noise, the current gain produced by avalanche 
multiplication results in a corresponding increase in the total 
system signal-to-noise ratio. 3 
2 
Thus, to optimize the performance of an APD it is necessary 
to maximize the current gain and to minimize the excess noise 
contribution from the avalanche process and its effect on the 
bandwidth of the diode. Theoretical considerations show that 
these conditions can be realized when there is a large difference 
between the carrier ionization rates and the avalanche is 
initiated by the carrier with the higher ionization coefficient. 5 
It is also found that this situation makes the multiplication 
rate of charge carriers less strongly dependent on field 
strength, enabling better control to be obtained over the gain 
processes. 
The material requirements for avalanche photodiodes are 
therefore a high absorption coefficient to absorb the radiation 
in the depletion width, high drift velocities to minimize carrier 
transit times, and a large difference between the electron and 
hole ionization rates. To simultaneously realize all of these 
conditions in a simple p-n junction device is impossible and 
thus; to avoid compromising performance, new device structures 
have been developed. 
A significant advance in APD design was made with the 
introduction of the reach-through structure shown in Figure 1. 5 
In thi~ structure the function of the p+-n-p region is to absorb 
the photon flux and provide a high electric field to separate the 
electron-hole pairs produced by photo-annihilation. Holes are 
immediately swept to the p+ junction and out of the device; 
concurrently electrons are accelerated to their maximum drift 
velocity. When the electrons reach the p-type layer they are 
accelerated further by the high field across the narrow p-n -n+ 
region to produce charge multiplication and current gain. Thus, 
the processes of electron-hole pair generation and charge 
multiplication are spatially separated, making it possible to 
optimize each process and the total performance of the device by 
the correct choice of doping profiles, structure length and 
applied voltage. The quantum efficiency and speed of response of 
the device are determined by the p+-n -p region. Near unity 
quantum efficiencies can be obtained by making the length of this 
3 
(a) 









Figure 1. Reach - Through APD, (a) Doping Profile 
(b) Electric Field Distribution (c) Energy 
Band Diagram Under Bias Conditions. 
4 
region equal to 2/a. The speed-of-response is limited by the 
limiting carrier velocity in the p+- 1r-p region divided by its 
length. Thus, for carrier velocities of approximately 2x10 7 cm/s 
and > 10 4 , bandwidths greater than 100 GHz are possible. 
The most successful APD devices to date have used Si because 
the electron ionization rate is much greater than the hole 
ionization rate in this material. Germanium APD's whose spectral 
response extends out to 1.8 urn have been developed but are very 
noisy because the electron and hole ionization rates are nearly 
equal. 
At present, the major thrust in APDs is to use alloys based 
on III-V semiconductor systems such as AlGaSb, GainAs, and 
InGaAsP, because these semiconductors allow the wavelength 
response of the diode to be varied by adjusting the alloy 
composition. These material systems can also be la1:tice matched 
over an appreciable range of alloy compositions, thus enabling 
the fabrication of heterojunction devices that can result in a 
significant improvement in device performance. It should be 
emphasized that exact lattice matching · is essential for these 
structures because a mismatch between layers will produce 
interface states and stress gradients that will degrade device 
performance and result in failure at high electric fields. 
Besides improving device characteristics it has recently 
been realized that new device structures can be fabricated by 
molecular beam epitaxy that enables the ionization :catio between 
electrons and holes to be artificially enhanced. This is very 
significant because for most III·-V semiconductors the electron 
and hole ionization rates are nearly equal. 3 Several schemes 
being investigated for enhancing the performance of APDs are 
described below. 
Heteroiunction APD (HAPD 
This device is the simplest of the new heterojunction 
structures currently being investigated and has principally been 
fabricated in GainAs and GainAsP alloys grown on lnP. 6 ' 7 These 
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Figure 2. (a) Energy-band Diagram of a InP-GainAs 
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InP and have a spectral response extending to 1.6 urn as required 
for optical fiber communication links. The actual structures 
used are n-GainAs/n-InP/p+-InP, n-GainAsP/n-InP/p+-InP or n-
InP/n-InP/p+-InP, where the extra InP layer in the last device is 
used as a window. As shown in Figure 2, light is absorbed by the 
ternary or quarternary layer, and the avalanche process is 
optimized to achieve hole injection by adjusting the doping and 
layer thicknesses so that under reverse bias the n-InP depletion 
layer reaches through into the GainAs or GainAsP layer. The 
heterojunction is used to reduce the dark current leakage in the 
device, thus enabling higher voltages to be applied to increase 
the gain. The performance of these devices is significantly 
better than achieved with Ge APDs, bu·t because the hole to 
electron ionization ratio is small, it is far from that possible 
with a more optimized material or device structure. 
Superlattice APD 
A third type of APD structure recently proposed and 
demonstrated by Capasso et al. 8 makes use of the dependence of 
the ionization rate on bandgap energy and the conduction band 
edge discontinuity between undoped GaAs and AlGaAs layers to 
produce an enhancement of the effective ionization ratio. The 
band structure of the device under reverse bias is shown in 
Figure 3. The device consists of a p+ -type photo-collection 
electrode, a superlattice avalanche region consisting of 50 
alternating GaAs and AlGaAs layers and an n+-type collection 
electrode. The composition of the AlGaAs is adjusted to give a 
0.5 eV discontinuity between the conduction band edges of AlGaAs 
and GaAs. The photo-excited electrons are accelerated into the 
superlattice region and gain an energy several tenths of an 
electron volt above the conduction band energy of AlGaAs. When 
the hot electron enters the GaAs well, it experiences a reduction 
of the ionization threshold energy equal to the energy 
discontinuity between the AlGaAs and GaAs layers . Because the 
ionization rate increases rapidly for decreasiili::J ionization 











this structure. As the electron re-enters the next AlGaAs layer, 
the reverse situation occurs and the electron ionization rate 
decreases. However, because the ioniza·tion rate is larger in 
GaAs than in AlGaAs and the GaAs layer can be made thicker than 
the AlGaAs layer, a net increase in the ionization rate is 
observed. The small discontinuity in the valence band has little 
impact on the ionization rate for holes which essentially remains 
unaltered. Thus, this structure produces an enhancement of the 
electron to hole ionization ratio. This device has been 
fabricated and shown to have an electron to hole ionization ratio 
of 10. It should be noted that the magnitude of the enhancement 
of the electron to hole ionization ratio is strongly dependent on 
the size of the conduction and valence band-edge discontinuities 
between the AlGaAs and GaAs layers. Conventionally, the energy 
difference in the vacuum potentials between the GaAs and AlGaAs 
layer is assumed to be shared in the ratio 85:15 between the 
conduction and valence band edge discontinuities. But recent 
optical data suggest the ratio should be closer to 57:43 10 . This 
difference will have a large effect on the optimum attainable 
electron to hole ionization ratio, and thus, investigations need 
to be performed to establish its precise ·value. The influence of 
the conduction band effective mass on this ratio also needs to be 
measured. 
Graded Bandgap Multilayer APD 
The purpose of this structure is to cause only electrons to 
be ionized, thus producing high signal gains with very low 
noise. 11 , 12 (Fig. 4). The structure consists of a graded-bandgap 
multilayer structure, each stage of which is linearly graded in 
alloy composition from a low bandgap energy ( EG1 ) to a high 
bandgap energy (EG2 ) followed by an abrupt step back to the low 
bandgap energy. The materials of the structure are chosen such 
that the largest bandgap difference produces an energy 
discontinuity greater than the electron ionization energy, E1 , in 
the low bandgap material. The operating conui Lions of the 







Figure 4. Band Diagrams for (a) the Unbiased Graded 
Multilayer Region and (b) the Complete 




the p+ region experiences the combined field of the electrical 
bias and bandgap grading which accelerates it toward the first 
step. The field is small enough so that the electron does not 
impact ionize before it reaches the step. At the step, impact 
ionization occurs because the energy discontinuity is greater 
than E 1 . This process is repeated for ec:tch step as shown in the 
figure. At each step the maximum theoretical gain is two, giving 
a theoretical gain for the structure of (2-o )N, where N is the 
number of graded layers and o is the los!; at each stage. For a 
perfect structure the major loss mechanism is expected to be from 
optical phonon emission. However, this is predicted to be small 
because it must be involved in a multi-phonon process to lose all 
of the ionization energy of the electron and because the 
electron-phonon interaction can be minimized by making the 
interface region between the high and low bandgaps smaller than 
the mean free path for phonon scattering, <lOOA. 
Because the energy steps provide most of the energy for 
ionization the operating voltages are very low (<SV) which also 
minimizes the device leakage current. A single graded layer 
device has recently been tested in the AlGaAs system and shown to 
produce a significant enhancement in the electron-to-hole 
ionization ratio. 
11 
3. REVIEW OF PROGRESS 
3.1 Theoretical Program 
Substantial progress was made throughout calendar year 1987 
in the theoretical part of the program. The key problems 
addressed can be broken down into two main thrusts, the basic 
physics of impact ionization and avalanching devices, and new 
device structures and their performance. The former program 
addressed the issue of the physical origin of the electron 
ionization rate enhancement in a multiquantum well structure. We 
have developed an analytical proof of the enhancement effect 
based on a fundamental, first principles formulation of the 
problem using Shockley's lucky electron theory. It was found 
that due to the nonlinear aspects of impact ionization, that the 
ionization rate can be significantly enhanced by the 
super position of a uniform electric field and any spatially 
periodic electric field. The result is quite general, and 
therefore applies to all of the superla·ttice device structures 
considered in this program. This work was published in Applied 
Physics Letters. 13 
We further probed the underlying physics of the~ enhancement 
effect using our numerical, Monte Carlo formulation. 
Specifically, we determined the field and geometry dependence of 
the electron and hole ionization rate in a simple multiquantum 
well device. The net rate, the weighted average of the GaAs and 
AlGaAs layer rates, greatly depends upon both the layer widths 
and the magnitude of the applied electric field. EvE~n though the 
electron ionization rate is enhanced over its corresponding bulk 
rate in the GaAs layer, the net superlattice rate may not exceed 
the comparable bulk GaAs rate. This is because the addition of 
the AlGaAs layer, though it acts to enhance the rate in the GaAs, 
acts as a dead layer in which no ionization occurs. Therefore, 
in order for the net rate, found from averaging over both layers, 
to exceed the bulk GaAs rate, the extent of the enhancement of 
the ionization rate in the GaAs must be large en1_1uyh to offset 
the effect of the AlGaAs dead layer. 
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It was found that under certain conditions of applied field 
and layer widths, that the net superlattice electron ionization 
rate exceeds the corresponding weighted average of the bulk rates 
by an order of magnitude. This implies that the ionization rate 
in the GaAs layer in the superlat:tice is much greater than the 
corresponding bulk GaAs rate. The greatest enhancement in the 
electron ionization rate as well as the largest ratio of the 
electron to hole ionization rates occurs in a 500/500 A, 
GaAs/AlGaAs unit cell structure with an applied electric field of 
250 kV/cm. At higher electric fields, the net superlattice rate 
approaches the weighted average of the bulk rates. This is not 
surprising since at high electric fields the effect of the 
potential discontinuity on the carrier temperature is less 
significant. Most of the carrier heating is due to the action of 
the electric field, resulting in bulk-like behavior of the 
ionization rates. 
The second part of the theoretical program was focused on 
new superlattice avalanche photodiode structures and their 
performance characterization. We analyzed two variations of the 
doped quantum well device, the p-n homojunction and p-n 
heteroj_unction APDs. This work resulted in four publications 14 -
17 It was found that the doped quantum well device outperforms 
the simple and graded barrier devices. In fact, the doped 
quantum well device offers four orders of magnitude enhancement 
of the electron ionization rate over the hole ionization rate as 
compared to roughly one order of magnitude improvement in either 
the simple or graded barrier devices. The dramatic enhancement 
of the electron ionization rate translates into improved gain to 
noise performance as well as larger bandwidth operation. 
Of great importance was the finding that the p-n junction 
device offers comparable performance to the p-i-n doped quantum 
well device, but can be grown more easily by MBE. The p-n 
junction structure is more easily realized than the p-i-n device, 
since it places less stringent requirements on the doping 
concentrations necessary in the p and n layers ol the unit cell. 
P-n devices doped to roughly one third the concentration in 
13 
corresponding p-i-n devices are predicted to yield comparable 
gain to noise ratios as well as bandwidths. Therefore, we have 
embarked on the experimental realization of these structures. 
3.2 Material Growth Studies 
The materials growth and device fabrication development also 
made significant advances in 1987. Bot:h material quality and 
control over the layer thickness and heterojunctlon interface 
quality improved considerably. Further, our basic understanding 
of the growth dynamics was advanced to a level such that 
important contributions can be made to improve the quality of SL-
APD materials and devices. 
Over the year more than 20 samples were grown for SL-APD 
devices, with various parameters varied from one run to the next. 
These devices exhibit reverse biased breakdown voltages of 80-140 
V with dark currents about -10 pA. The success of these devices 
are heavily dependent on our current understanding of the process 
invoived in photocurrent generation in SL-APDs and the 
optimization of various material parameters. Parameters of prime 
importance for these devices are: quantum well and barrier 
thickne_ss, which should be known and controlled to high accuracy, 
the heterojunction interface smoothness, and the control of n-
and p-type doping over very small dimensions. 
A major accomplishment was the development of experimental 
tools and theoretical models to use RHEED intensity oscillations. 
Using RHEED oscillations we have been able to clarify many points 
about the material growth. By observing the specular reflection 
beam during crystal growth, it is possible to observe intensity 
oscillations which are indicative of layer by layer deposition of 
a thin film. Figure 5 shows the growth of (a) AlGaAs, (b) AlAs 
and (c) GaAs during the deposition of -10 monolayers. These 
techniques make it possible to control the growth rate to less 
than 2% accuracy and to fabricate quantum wells with well widths 
predetermined to within a single atomic layer (2.83A). Also, by 
using RHEED intensity oscillations the Al mole iL·action can be 
determined to less than 1% prior to growt.h. Another advantage of 
14 
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the RHEED development has been the information it proves on 
enhancing the heterojunction interface smoothness and uniformity. 
RHEED intensity oscillation experiments have indicated the proper 
approach to interface smoothening, which is essential to the 
operation of high performance SL-APDs. 
Characteristics of single quantum wells show that these can 
be fabricated with only one to two monolayer width differences 
and that it is possible to detect luminescence from each 
well. 18 , 19 The x-ray data shown in Fig. 6 also confirm the high 
quality of these super lattice structures by the me!asurement of 
15-20 arc second diffraction width lines, which is indicative of 
the uniformity of the layers. Auger and SIMS analysis on these 
superlattices also gave excellent profile definition. 
In other developments we have demonstrated controlled n- and 
p-type doping of GaAs and obtained precisely cont1:olled doping 
profiles to within 20% doping level accuracy (Fig. 7). The p-
type doping of AlGaAs also seems to be well controlled, but n-
type doping of AlGaAs with Si has produced some difficulties in 
confining the high doping profile to thin regions. The diffusion 
of the dopant ( Si) appears to be strongly concentration 
dependent. Work is in progress to circumvent this difficulty. 
We have also investigated the delta doping of (Al, Ga)As in 
a set of recent experiments. In these experimen·ts doping is 
performed in a very thin sheet on one atomic plane at very high 
concentrations. The net effect is that planar doped layers act 
similar to bulk doping with the added advantage of confining the 
dopants and avoiding dopant di f fus io:n. The first set of 
experiments produced sheet doping of 7xl0 12 cm- 2 , which is 
equivalent to 2xl0 19cm- 3 bulk doping. Further, the C-V profile 
measured for this sample and shown in Fig. 8 indicates that the 
FWHM for this sample was -100A and that the doping varied by 4 
orders of magnitude within 0.1 urn. These results are very 
encouraging and we foresee considerable use of this technique. 
In summary, because of the progress made in material growth 
and the improved understanding obtained of the bdsic physical 
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high performance SL-APDs. We have also explored new directions 
to improve various device parameters and thus, device 
performance. 
3.3 APD Device Fabrication 
Low leakage current avalanche photodiodes have been 
fabricated on MBE grown AlGaAs/GaAs heterostructures. Primary 
tasks which were addressed in this part of the research project 
are discussed in this section. These tasks include mask set 
design, fabrication processes, semiconductor etching, device 
fabrication, assembly and electrical characterization. 
Mask Set Design 
A quality mask set is required to fabricate high performance 
avalanche photodiodes. Features which Polaroid and Georgia Tech 
researchers considered important were top side contacts for the 
cathode and anode, multiple active areas to assess edge effects, 
provisions for back side illumination and diagnostic structures 
to monitor contact resistance. Four active area designs were 
developed and included 75, 100, 130 and 200 micron diameters. 
The p+ contact pad was designed to be as small as possible since 
it is ~ part- of the mesa structure. A novel flip chip diode 
structure was also included in the mask design. This device, 
which has no p+ contact pad, is a high risk device with respect 
to packaging; however, it should be the highest performance due 
to minimum parasitic capacitance. 
Five masking levels are included in the mask design. The p+ 
level forms the anode contact to the device. Mesa definition is 
the second level and is used to isolate the de,rices and to 
provide a region for the n+ contact. The n+ contact is the third 
level and forms the cathode contact. Passivation is the fourth 
level in the set and is used to remove dielectric coatings in the 
bond pad and scribe regions. Via is the fifth level and is used 
to thin the device to permit back side illumination. 
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Semiconductor Etching 
APD device fabrication, proposed in this research, requires 
both selective and nonselective etchants. Hydrogen peroxide, pH 
adjusted to 7. OS, was found to be reasonably selective as an 
etchant for GaAs with respect to AlGaAs, even with Al fractions 
as low as 0. 35. Hydrogen peroxide will react with AlGaAs; 
however, the reaction tends to be self limiting due to the 
formation of a surface oxide. Etch stop layers of AlGaAs on the 
order of 1000A thick are adequate when using hydrogen peroxide. 
Concentrated hydrofluoric acid at 60 °C etches Alo. 4Ga0 . 6As 
at a rate of 0.1 micron per minute. ·when the Al fraction is 
increased to 0.6, the etch rate increases to approximately 0.15 
microns per minute. GaAs layers were not affected by HF at this 
temperature. 
Nonselective etches which were evaluat.ed included 
Methanol:H3Po4 :H2o2 in the ratio of 3:1:1 and H3Po4 :H2o2 :Di water 
in the ration 3:1:50. Both etchants appear to be nonselective 
and ·relatively isotropic. 3:1:1 etches GaAs/AlGaAs at 
approximately 2.5 microns per minute at 25°C. 3:1:50 is a much 
slower etch, having a rate of 0.1 micron per minute. 
T~e methanol based etchant was predominantly used to etch 
the mesas. It was found that the mesa profile can vary 
considerably as function of time after mixing the etchant. 
Figure 9 shows mesas which were etched at different times after 
mixing the etchant. Best results were obtained when etching soon 
after mixing. 
Fabrication Processes 
Three fabrication processes have been developed to 
investigate APD performance. MBE layers grown on conducting 
substrates can be fabricated into devices using a simple one 
level mask process in which the p+ contact mask also serves as 
the mesa etch mask. Cathode contact is made to the back side of 
the wafer. This process provides quick information on MBE growth 
runs; however, optical absorption is restricted l u tile mesa edge. 
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Figure 9a. Mesa Profile Obtained by Etching 
Soon After Mixing Etchant. 
Figure 9b. Mesa Profile Obtained Using Old Etchant. 
22 
Fabrication process two utilizes 4 levels of the 5 level 
mask set. Both p + and n + contacts are on the top side of the 
wafer and passivation can be incorpora·ted into the structure. 
Process three is identical to process two with respect to front 
side processing; however, provision for back side illumination is 
included in process three. 
AuZn [ 95%-5%] is used for p+ contacts. Best results have 
been obtained when substrates are heated to 140°C prior to 
deposition. AuGe-Ni-Au is used for the n+ contact. This 
metallization scheme is a standard process 




2x10 17 cm- 3 doped 
Using the processes described above, over eleven MBE wafers 
have been processed. Figure 10 is an SEM micrograph of a device 
fabricated with process one. Wafers B87-80 and B87-84 have been 
processed with process two and a device typical of this process 
is shown in Figure 11. 
Assembly 
After wafer fabrication, the APD ,~afers are mounted on a 
silicon host wafer and the APD wafer is diced completely through 
using a Microautomation Model 1006 dicing saw. Separated chips 
are removed and cleaned and mounted in standard 161d dual-in-line 
integrated circuit packages using silver epoxy. Electrical 
connection to the anode contact is made using 0.7 mil gold wire 
with thermocompression bonding techniques. 
Electrical Characterization 
DC characteristics of the fabricated APDs have been 
evaluated at Georgia Tech using a curve tracer and an HP 4145A 
semiconductor parameter analyzer. Figure 12 is representative IV 
signatures. Figure 13 is a plot of the leakage current using the 
very sensitive parameter analyzer. As seen in lll':' figure, pico 
ampere leakage currents have been observed on devices having 
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Figure 10. APD Fabricated with Process One. 
Figure 11. APD Fabric::ated with Process Two. 
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Figure 12. IV Characteristics of an APD Using 
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undoped barriers. Extremely sharp breakdown characteristics were 
noted on these devices. These results are very encouraging and 
indicate that high performance avalanche photodiodes can be made 
from MBE grown epitaxial layers. 
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1. INTRODUCTION 
The objective of this program was to develop a very low noise 
solid state diode detector which could be applied to a broad range 
of Polaroid act! vi ties, including light metering, detection of 
fluorescent emission (biomedical applications), optical disk or 
card reading (or tracking), and high-sensitivity camera 
applications when incorporated into array structures. 
In this program multiple quantum well structures were used to 
design high performance APDs because of their potential to minimize 
the excess noise in the avalanche process.. Low noise is achieved 
if the ionization rates of the electrons and the holes, a and p 
respectively, are greatly different, equivalently a/fi (or fila) is 
high. Since the presentation of the original idea by Chin et al 
(1980) and the first experimental investigations by Capasso et al 
( 1982A), several novel designs have been proposed: the doped 
multilayer APD (1982), the staircase APD (1982b), the channeling 
APD (1983), the pn-doped homojunction and heterojunction APD (1986) 
(or doped barrier APD) and the doped quantum well APD (1990). It 
is predicted that the last two designs could lead to the first 
solid state photomultiplier APD where the avalanche excess noise 
has been totally suppressed. 
In this program quantitative experimental investigations of 
several AlGaAs/GaAs multiple-quantum-well avalanche photodiode 
(APD) structures, the superlattice APD, the doped barrier APD and 
the doped quantum well APD are reported. Only diodes exhibiting 
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self consistent c-v, I-V and breakdown voltage characteristics were 
investigated and showed strong agreement between electron- and 
hole-ionization rates, as determined from gain and noise 
measurements, respectively. This study provides new data on the 
performance of doped barrier and quclntum well APDs and establishes 
a comparison with the electron- and hole-ionization rates for 
AlxGa1.xAs/GaAs MQW-APDs. These devices exhibit gains of - 20 with 
excess-noise factors <5 at bias voltages <lOV. Thus significant 
results were obtained on both conventional AlGaAs/GaAs super lattice 
APD's and barrier-doped superlattice APDs. Preliminary data was 
also obtained on some delta-doped quantum well devices. 
Additionally, it should be noted that this excess noise factor is 
within 18% of the value given for a Hamamatsu Si avalanche 
photodiode detector and demonstrates the high potential of these 
concepts. Progress was also made in developing better models and 
insight into device operation. However, further work remains to be 
done on resolving the differences between experiment and the 
theoretical predictions which ideally suggest that a further two 
orders of magnitude improvement is possible. 
The success of this effort was based on developing a stable 
and reproducible material growth and device fabrication technology 
and the setting up of the equipment and a dedicated electromagnetic 
shielded room to perform very sensitive gain and noise measurements 
on advanced APD structures. Full details of the work on device 
fabrication, evaluation, and results are described in appendices I 
and II, respectively. 
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2. PROGRESS 
This report presents detailed investigations on undoped MQW 
APDs having different geometries and aluminum compositions, doped 
barrier and doped well APDs. A comprehensive self-consistent 
methodology was used where current-voltage, capacitance-voltage, 
doping profile, and noise characteristics were extensively 
analyzed. 
2. EXPERIMENTAL 
The structures were grown by molecular beam epitaxy. Growth 
was initiated on an n+ Si doped substrate followed by a short 
period superlattice to prevent propagation of dislocations and 
impurities. All the device structures were PINs where the I region 
was composed of the MQW structure with P and N contact layers of 1 
J.Lm and 1. 5 J.Lm doped to 1 x 1018 cm-3 with Be and Si, respectively. 
The MQW structures had 25 AlxGa1_yAs/GaAs mul tilayers with aluminum 
compositions of 0.30, 0.35 and 0.45. The aluminum composition, x, 
of the AlGaAs layers was calibrated using photoluminescence 
measurements. The samples showed high exciton recombination 
photoluminescence intensities with a half width of 5 mev. Growth 
interruption techniques were used to obtain well defined pn doped 
regions in the MQW structures. The dopant concentration was 
calibrated by Hall effect and was kept below 6 x 1018 em~ to limit 
dopant diffusion. 
The devices were fabricated into :2 x 10-4 cm-2 area mesa 
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structures using standard photolithography ·techniques {Appendix I). 
The device configuration allows for electron or hole injection 
because both p+ and n+ layers can be illuminated. Precise control 
of the growth and fabrication procedures yields identical 
photodiode characteristics on the same wafer and from one run to 
another. A Si02 dielectric coating suppressed surface leakage 
currents and provided devices with very low dark currents. The 
photodiode characterization consisted of computer automated I-V, C-
V and noise measurements. The de I-V characteristics were measured 
in the dark and under illumination by a HeNe laser light with a 5 
~m diameter spot. The photocurrent gain was calculated from the 
increase of the unmultiplied photocurrent and was verified to be 
independent of the light intensity. The C-V measurements were made 
on a LCZ meter between 80 Khz and 1 Mhz and at 300 K and 77 K. The 
apparent free carrier concentration profile was obtained from 
differentiation of the C-V data. Noise measurements consisted of 
measuring the variance of the photodiode output current for 
different gains. Absolute noise measurements were performed using 
a spectrum analyzer tuned to a frequency of 200 Khz. Several noise 
sources were used to calibrate the system and the noise 
measurements are accurate to within a few percent. 
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3. RESULTS 
3.1 Undoped MOW APDs 
Investigations were first performed on 2. 5 J.Lm thick MQW AlxGa 1_ 
xAs/GaAs structures with different well and barrier widths, L8 and 
Lz respectively, and with a constant MQW period width of 1000 A. 
The values of Lz studied were: 200 A, 350 A, 500 A, 650 A and 800 
A. A 400 A thick spacer layer was added prior to the first well on 
the p+ contact side and also prior to the first barrier on the N+ 
contact side to avoid trapped carriers at the first heterojunction 
for electric fields above 100 kV/cm. The MQW structures have an Al 
composition, x, of 0.3, 0.35 and 0.43. Typical dark I-V 
characteristics are shown in Figure 1 for electron injection. The 
dark current was below 10 nA at 80 % of the breakdown voltage for 
x = 0.30 and below 1 nA for x = 0.43. The dark current decreased 
with decreasing well width, and with increasing x. 
The photocurrent increases slowly with the applied voltage, 
becomes constant between 25-35 V and finally increases 
exponentially above 50 v. As also shown in Figure 1, the breakdown 
voltage, V8 , increased from 70 to 85 V as the barrier width 
increased from 200 A to 800 A. For a given geometry and Al 
composition, V8 is constant within 2 % for all photodiodes tested, 
and increases as the Al compos! tion increases. Similarly, I-V 
measurements were taken for hole injection. These results indicate 
that the dark current is due to the generation-recombination of 
5 
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Figure 1. Typical Dark I-V Characteristics for Undoped AlxGa1• 
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conduction band edge discontinuity does not contrlbute to the 
enhancement of the electron ionization since aMQW is not enhanced 
over its value in the bulk GaAs. 
The results indicate also that for a higher Al composition, 
aMQW stays in the same range [ 300-4000 cm·1 ], but the corresponding 
range of electric fields is shifted to higher values. As x 
increases, the value of Em at which multiplication starts is 
increased from 222 Kv/cm for x = 0.30 to 315 Kv/cm for x = 0.42. 
Consequently, as x increases, the breakdown voltage increases. 
This is indicated in Figure 3 by a translation of the data to 
higher electron field values. These results show that the AlGaAs 
layer of the MQW is "inactive" for x values of 0.30. However, for 
x = 0.43, the AlGaAs layer appears to reduce the average kinetic 
energy of the electrons which enter the GaAs layer since the device 
operates under higher applied electric fields. This energy loss is 
due to scattering in the X-band of the AlGaAs layer which increases 
exponentially with the Al composition. 
The ratio kMQw(Em) = aMQw(Em)IPMQw(Em) increased from 1.72 to 
2.5 when the electric field increased from 220 Kv/cm to 280 Kv/cm 
for the 5 geometries studied and x = 0.30. However kMQw(Em) was 
reduced to a constant k = 2.5 for x = 0.43. The results agree with 
the predicted value using the relation kMQw(Em) = aAv(E)/PAv(E) for 
x = 0.30, but fail for x = 0.43 since the ratio obtained from the 
measurements is lower. These results indicate that both the 
electron and hole average energy are reduced due to the AlGaAs 
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layer. The hole average energy is reduced by a larger amount since 
MQW structures with x = 0.43 give a higher k value. 
Noise measurements indicate a k value (Mcintyre 1966) between 
1.7 and 2.5 for the x = 0.30 MQW and between 2.5 and 3.3 for the x 
= 0.43 MQW. Results for Fe are plotted versus Me in Figure 3 for 
the 200 A well MQW APD having x = 0.30 and 0.43. The solid lines 
correspond to the theoretical curves of Mcintyre. These results 
agree with the kMQW obtained from the coefficients aMQw(Em) which 
were calculated separately using the electron and hole gain 
measurements and demonstrate that the characterization techniques 
are self-consistent. 
3.2 Doped MOW APDs: the pn junction doped barrier and doped well 
APDs. 
The doped barrier APD was designed with the same unit cell as 
the undoped MQW APD and consists of a 800 A barrier, 200 A well 
Al0 .35Ga0 .65As/GaAs MQW structure where a p+n+ equally doped junction 
was built in the barrier prior to the GaAs well.. The fully 
depleted 150 A p+ I 150 A n+ junction, doped at 3 x 1018 cm·3, locally 
enhances the electric field of the MQW structure by superimposing 
0.5 eV on the MQW band potential. 
The I-V characteristics indicate a low dark current and a low 
breakdown voltage of about -10 v. c-v characteristics indicate 
that the photodiode capacitance is higher (15 Pf) than measured for 
the MQW APD ( 0. 9 Pf) and decreases for increasing diode bias 
voltage as for a one sided abrupt pn+ junction. The free carrier 
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Figure 3. Electron Excess Noise Versus Gain for Undoped MQW APDs. 
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concentration profile obtained from the analysis of the C-V data is 
presented in Figure 4. This modeling shows that only one period of 
the MQW structure is fully depleted at zero bias due to unbalanced 
doping concentrations in the 300 A thick junctions. As the field 
is increased, the depletion width punches through the highest doped 
side of the 300 A thick junction to deplete the second period and 
pn junction of the MQW structure. The results confirm that the 
depletion region is located close to the p+ contact thus indicating 
that p+ << n+ in the 300 A thick pn junctions. This is due to the 
difficulty of achieving equal p- and n- type dopant concentrations 
in the AlGaAs layer by using solid dopant sources. Although a 
qualitative variation of the electric field E is predicted, precise 
calculations of E are not available at present. This a and p can 
not be obtained separately from the gain measurements. Noise 
measurement results are presented in Figure 5 were Fe is plotted 
versus Me and show that Fe is low for gains up to 5 with a 
corresponding k between 12.5 and 50. As Me increases, Fe also 
increases with a corresponding K between 5 and 10. 
The results indicate that k is reduced at low applied electric 
fields. Since the peak of the electric field is located prior to 
the well, the injected electrons are more likely to ionize in the 
well. However, holes generated from ionizations in the well travel 
in the opposite direction and enter the AlGaAs layer where their 
ionization probability is smaller compared to the ionization 
probability of the electrons in GaAs. consequently, a is greatly 
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increases at higher gain indicating that the hole ionization 
probability is no longer small compared to the electrons and the 
applied electric field is high enough to supply kinetic energy to 
the holes to impact ionize in the following well. 
Similar results were obtained for a doped 500 A well/500 A 
barrier Al0 _..3Ga057As/GaAs MQW structure where a 300 A thick pn 
junction was grown into the well immediately following the barrier. 
I-V and C-V measurements show that 2 to 3 periods were depleted 
when the bias voltage was increased from 0 to -12 V at the 
avalanche breakdown, for these structures high gains up to 400 were 
obtained. Noise measurements give a similarly low k value as 
reported for the doped barrier APDs. These results .indicate that 
alp is enhanced, consequently the noise is reduced, but no 
information was obtained on the separate magnitude of a and p. The 
comparable noise performance of both designs suggests that the 
location of the pn junctions, either in AlGaAs or GaAs material, 
has little consequence as long as the other parameters of the MQW 
remain constant (L2 = 200 A, Ln = 500 A). However, the two designs 
have some differences in their characteristics since the gain is 10 
times greater for the doped well than for the doped barrier APD. 
Further studies are needed to explain this difference. 
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4. CONCLUSION 
The investigations of undoped AlxGa1_xGa/GaAs MQW APDs show that 
aMQW is not enhanced over its value in the bulk materials. Since 
aGaAs>>aAIGaAs' aMQW in the MQW is obtained from an average calculation 
of the bulk values of low x values, x = 0. 3. ~rhis, KMQW = 
aMQw(E)/PMQw(E) is between 1.72 and 2.5 which is higher than for 
GaAs in the same electric field range (k = 1.6). For higher Al 
compos! tion, x = 0. 43, . higher electric fields are required for 
impact ionization. This indicates that both the electron and hole 
average kinetic energy is reduced due to the AlGaAs layer. 
However, low k values indicate a noise reduction. Even though the 
ratio aMQwiPMQW is enhanced, aMQW is not enhanced over its value in 
the bulk GaAs material. These results have been demonstrated using 
self-consistent measurement and ancilysis techniques since similar 
values of alP were obtained from gain and noise measurements. 
Results on doped barrier and doped well MQW APDs show that the 
noise of the doped structures is always lower than for the undoped 
structure having the same geometry. The noise reduction is due to 
a local enhancement of the built-in potential which confines the 
electron ionization in the GaAs well. High k values between 12.5 
and 50 were obtained for gains up to 5, and values between 5 and 10 
for gains above 5. These new designs provide low noise, low 
breakdown voltage and high gain c:ts required for optoelectronic 
applications. 
17 
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APPENDIX I 
FABRICATION PROCEDURES FOR SL AVALANCHE PHOTODIODES 
New processing techniques have been developed to yield 
repeatable results and high performance devices. A reliable 
processing is necessary to insure that materials characteristics 
are being measured and not artifacts of the processing. 
A six level mask is used to fabricate devices having mesa 
sizes of 75, 100, 130, 200 micron. These different steps include 
1. p+ Contact, 
2. Contact Gold Plating, 
3. Mesa Fabrication, 
4. N+ Contact, 
5. Passivation, 
6. Via Hole Fabrication 
The ohmic contact and mesa fabrication have been reworked 
because it has been observed that the details of these processes 
significantly influence the device performance. The last step, the 
via hole formation has been developed during the last year. This 
feature permits the backside illumination of the photodiode and, 
thus, the characterization of both electron and hole injection 
modes. 
1. Ohmic Contact Fabrication 
The emphasis in the ohmic contact work has been to avoid metal 
diffusion in the window area of the photodiode and to improve the 
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contact resistance values. Both the p+- and n+- contacts were, 
deposited using a chlorobenzene assisted lift-off process. Since 
the metal was not deposited on the top window, the metal diffusion 
was limited to underneath the contact areas only. Thus, the 
contact area was well defined and the top window material had a 
better morphology. The p+ contact was made using 400A of AuZn and 
1000A of Au. Alloy time and alloy temperature have been optimized 
to achieve a low contact resistance, Rc. With a p-layer doping 
level between 10 17 and 1018 cm·3 , an average contact resistance of 0. 2 
ohm·mm was obtained. The alloy was made in a diffusion oven at 400° 
for 4 minutes in a forming gas environment. The n+ contact was 
made using sooA of AuGe, looA of Ni, and sooA of Au and was alloyed 
at 37 5o for 3 minutes. With an n- layer doping level of 1018 cm·3 , 
an average contact resistance of 0.07 ohm·mm was obtained. 
2. Mesa Fabrication 
The mesa etch is a critical step in the device fabrication 
because it impacts how well the device is defined and also strongly 
influences the electrical and optical properties of the photodiode. 
The mesa etch has to preserve the surface morphology of the GaAs to 
insure success in the N ohmic contact fabrication which is the 
following step in the processing of the photodiode. In addition, 
the mesa wall profile has to be smooth to insure a low leakage 
current. 
Etching GaAs is very delicate because of the crystalline 
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nature of the GaAs lattice. Many GaAs etchants lead to anisotropic 
etching, because the etch rate depends on the crystal orientation. 
The etchant currently used is a phosphoric acid based etchant 
composed of phosphoric acid, hydrogen peroxide as oxidant and 
methanol as solvent in the ration 1:1:3. Several parameters had to 
be optimized to have the mesa shape required. These parameters 
include the temperature of the solution and the agitation motion to 
insure an etch rate of 2 micron per minute, a minimum undercut, and 
a repeatable process. The present etching technique yields a 
leakage current of 1 nA at 90% of the breakdown voltage for most of 
the SL structures. 
3. Via Hole Fabrication 
The backside fabrication was composed of two steps: the 
backside preparation and the via hole etch. In the first step, the 
wafer was thinned from 250 micron to 75 micron using lapping and 
polishing techniques. In the second step, the via hole pattern was 
aligned with the top side of the device using an infrared mask 
aligner model MJB3 from Karl Suss. The via hole was etched using 
wet etching techniques. The etching solution was sprayed on the 
wafer to uniformly etch all the holes on the wafer. The bottom of 
the via hole is defined by an etch stop layer of AlGaAs (x>0.5). 
Unfortunately, the selective etching of GaAs is a slow process, 
incompatible with removing 70 micron of material in a short period 
of time. To solve this problem, 60 mlcron of GaAs was first 
removed using a phosphoric acid based etchant which etches GaAs 
21 
uniformly at a rate of 4 micron per minute. Then, a selective 
etchant was used to removed the remaining few microns to stop 
uniformly at the AlGaAs layer. The solution used was composed of 
hydrogen peroxide neutralized to a pH of 7 with a few drops of 
ammonium hydroxide. 
22 
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CHARACTERIZATION OF THE SL APDs 
To evaluate the performance of the APDs, it was necessary to 
measure the avalanche gain, the excess noise factor and the 
quantum efficiency of the devices. The current gain, as a 
function of reverse bias voltage, was found from the I-V curves of 
the diodes measured both in the dark and under illumination by a 
He-Ne laser. The excess noise factor, as a function of the 
avalanche gain, was calculated by measuring the noise power of the 
device for different values of the diode bias voltage. The quantum 
efficiency is determined by measuring the photogenerated current by 
an illuminating beam of known intensity under low bias voltage 
condition. 
A. Description of the Optical Apparatus 
The apparatus for the optical characterization has been 
configured to provide flexibility and reproducibility in the 
measurements. The optical source and accessories were mounted on 
an optical table and the power level of the laser beam was adjusted 
with an attenuator and neutral density filters. F'igure 1 shows 
the complete optical system. The laser beam was split into two 
beams with a beam splitter and both beams were focused to the same 
point on the top of the microscope on either side of the diode box. 
The diode box contains the photodiode and the accompanying 
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Figure 1. Optical Apparatus. 
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electrical circuit. The box has a hole on the top for illuminating 
the top side of the photodiode, and another hole on the bottom for 
illuminating the back side of the photodiode. The XYZ stage of the 
microscope was used for positioning the photodiode in the 
illuminating beam. A tungsten light placed in the microscope 
optical path instead of the laser was used for this purpose. The 
laser beam that goes through the microscope was focused with a 40X 
long focal length objective onto the photodiode with a 5 #m beam 
spot diameter. This small spot size was used to scan the active 
area of the photodiode to detect any non-uniformity in the light 
injection. 
B. Description of the Electrical Circuit 
The photodiode was mounted in a 8 pin dual-in-line package and 
inserted into the circuit showed in Figure 2. To permit the back 
side illumination, a hole of 20 mil diameter was laser drilled in 
the center of the package. The electrical circuit of the 
photodiode was divided into two parts to perform the following de 
and ac measurements: 
1. Current-voltage measurements were performed with the de 
part of the circuit. The diode was connected in series with a 
precision resistor which provides a high input impedance to the ac 
circuit. The diode and the resistor were reverse biased with a 
battery that supplied a voltage selectable to within 2mV. The 
diode voltage bias then was the voltage dropped measured across the 
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Figure 2. Diode Characterization Circuit 
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accuracy of 2pA in the bias current. 
2. Absolute noise measurements were performed using the ac 
part of the circuit. The photodiode noise signal was coupled 
through a lOOpF capacitor to a low noise preamplifier and the power 
of the amplified signal was measured on a spectrum analyzer at a 
fixed center frequency within a selected bandwidth. This frequency 
was chosen between 200 kHz and 300 kHz to avoid interferences with 
the 1/f noise of the photodiode. The measured power is the total 
output noise power of the circuit which includes the avalanche 
noise of the diode, the thermal noise of the diode series 
resistance and the load resistor, and the noise of the 
preamplifier. The preamplifier was chosen to provide a low noise 
with a medium input impedance (1 Kohms- 1 Mohms) in the frequency 
range of the measurements. A buffer amplifier was also added to 
the circuit in order to match the low output impedance of the 
preamplifier (1 Kohm) to the low input impedance of the spectrum 
analyzer. The equivalent electrical circuit is presented in Figure 
3, where i 2 is the noise current source of the photodiode, 
Co is the photodiode capacitance, 
Ro- is the photodiode series resistance with 10 <R0 < 103 
e2o is the thermal noise of the diode resistance, 
e2 
L is the thermal noise of the load resistor, 
CA is the input capacitance of the preamplifier, 
RA is the input resistance of the preamplifier and, 
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current source of the preamplifier. 
c. Description of the Instruments 
All the instruments used in the measurements were chosen based 
on noise considerations. The bias voltage supply, the voltmeter 
and the picoameter were battery powered in order to avoid the 
difficulty of rectifying noisy line voltages (120 V). From the 
previous description, the most critical instruments of the circuit 
were the low noise preamplifier and the spectrum analyzer. The 
Princeton Applied Research (PAR) preamplifier model 5004 was chosen 
for its low noise characteristics and compatible bandwidth of O.SHz 
1MHz. The spectrum analyzer had to meet the following 
requirements in order to obtain accurate noise measurements: a 
synthesized source stabilized to the center frequency of the 
measurements with a resolution bandwidth of <10 Khz, and a noise 
power accuracy of plus or minus 0.1 dBm. The Hewlett Packard model 
8568B meets these specifications and was, therefore, used for these 
measurements. 
30 
II. Calibration of the Measurement Circuit. 
To insure proper operation of the measurements system, it was 
necessary to obtain a precise and complete calibration of the 
circuit. The calibration includes three parts. The first part was 
related to the accurate determination of the parameters of the 
circuit presented previously in Figure 3. The second part was 
related to the measurement of the noise power of the circuit 
(without the photodiode) for a series of load resistors. The plot 
of the noise power as a function of the resistor value was compared 
with the plot obtained from the known contour figure of the 
preamplifier. From the plots, the parameters of the circuit were 
verified and any additional anomalies detected. The third part was 
to measure the noise of a well known device. A Si PIN photodiode 
was chosen for this purpose. 
Part 1. I-V Measurements and Multiplication Gain Calculation 
The following parameters were measured: 
1. Total gain of the combination preamplifier-buffer 
amplifier 
2. Noise equivalent bandwidth of the spectrum analyzer 
3. The buffer amplifier output resistance. 
4. The input capacitance of the preamplifier. 
Part 2. Calibration of Entire Measurement Circuit 
The noise power was measured for 
'f 
various load resistors, 
between 10 ohms and 1.5 Mohms, at the input of the ac circuit. The 
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equivalent electrical circuit is presented in Figure 4. The 
theoretical equation of the noise power measured on the spectrum 
analyzer is 
where G+G0 is the total gain of the circuit, 
e 2A and i 2A are respectively the noise voltage and noise 
current sources of the preamplifier, 
Rn is the parallel combination of the amplifier input 
resistor RA and the load resistor R1 , 
e 2R is the noise voltage source of the precision resistor, 
CA is the input capacitance of the preamplifier, 
Rb~ is the output resistance of the buffer, 
F is the center frequency of the measurements and, 
B is the equivalent noise bandwidth of the measurements. 
The measured values of the output circuit noise power were 
compared with the theoretical values calculated with the above 
equation. The values of the parameters determined in part A were, 
in addition to the factory noise contour figure of the 
preamplifier. As shown in Figure 5, the theoretical predictions 
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Part 3. Calibration Using a Si PIN Photodiode 
The photodiode chosen for a test calibration was a Si PIN 
photodiode model 51190 from Hamamatsu. Noise measurements were 
performed for diode bias voltages of 5 volt and 8 volt. 
The results shown in Figure 6 represent the variation of the 
output circuit noise for increasing photocurrent at a constant 
diode bias voltage. At a constant bias, the output noise increased 
linearly with the current. The gradient of the output noise is 
proportional to the ratio of the photodiode shot noise current over 
the photocurrent, according to the relationship: 
where g is the gradient of the output noise, q is the coulomb 
charge of a carrier, Ze is the equivalent impedance of the 
circuit, Iph is the photocurrent, and 2 * q * Iph * B = < i 2 > is the 
mean square shot noise value. 
The PIN photodiode exhibited only shot noise at 5 or 8 volts, 
because there was no current gain. In Figure 6, the intercept of 
the linear fit with the y-axis represents the noise of the circuit 
itself including the preamplifier noise, the thermal noise of the 
diode resistance and the thermal noise of the 
load resistor. 
C-V measurements were performed to accurately measure the 
capacitance of the diode at these two voltages. Then using the 
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Figure 6. Output Noise Measured for a Si PIN Photodiode. 
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calculated and compared to the experimental value. For both bias 
voltages, the experimental results were within 0.5 % of the 
theoretical calculation. This last step confirmed that the 
calibration of the circuit was complete and that the noise 
measurement circuit was sensitive enough to measure the absolute 
noise of the SL APDs. 
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III. Theory of the Measurements 
The measurement procedure developed to characterize the APDs 
can also be divided in three steps: I-V measurements and avalanche 
gain calculation, excess noise factor determination, and quantum 
efficiency calculation. 
A. I-V Measurements and Multiplication Gain Calculation 
To determine the avalanche gain of the photodiode, it is 
necessary to know the pure photocurrent lnjected after absorption 
of incident photons. The pure injected photo current is obtained by 
subtracting the I-V characteristics of the diode in the dark, from 
those obtained when the diode is illuminated by of a He-Ne laser. 
The I-V measurements were performed with the de part of the 
circuit presented in Figure 2. The current generated under the 
dark condition was first measured as a function of the total bias 
voltage. The total bias of the circuit was increased in multiples 
steps of 0.02 times the value of the breakdown voltage of the diode 
(from zero volt to the critical voltage value where the diode bias 
has reached the breakdown voltage). The bias current was always 
maintained below 1.5 ~A to protect the device from being 
destroyed. The same measurements were then performed for 
photodiode illuminated with a He-Ne laser. The optical power of 
the laser beam was set at zero bias voltage to obtain less than 100 
nanoamperes of photocurrent. This was done to avoid gain 
saturation of the photodiode. 
For each series of I-V curves and at each value of the current 
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measured, the diode bias voltage is calculated by 
vd = v - RL * r, 
where I was the measured current, and RL the value of the precision 
resistor in series with the diode. 
A computer program was then used to separate the contribution 
of the dark current and the contribution of the photocurrent at 
each diode bias voltage. The pure generated injected, I~ was thus 
plotted as function of the diode bias, 
Iph = Iphl(Vd) - Id(Vd) I 
where I ph was the pure injected photocurrent at a diode bias 
voltage, Vd, IphJ was the photocurrent measured at Vd on the 
picoammeter, and Id is the dark current measured at Vd. The 
photocurrent variation at low bias voltage was then used to 
calculate the primary (or unmultiplied) photocurrent. The 
avalanche gain was plotted as a function of the diode bias voltage 
by taking the ratio of the photocurrent over the primary 
photocurrent, 
M (Vd) = Iph(Vd) I Ipo, 
where M was the gain obtained at a diode bias voltage Vd, Iph was 
the pure induced photocurrent at: Vd, and Ipo was the primary 
photocurrent. 
B. Determination of the Excess Noise Factor 
The excess noise factor is a measure of the increase of the 
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shot noise of the photodiode due to the multiplication process. It 
is calculated from measurements of the circuit output noise power 
versus the photocurrent for a constant diode bias voltage, i.e. a 
constant gain. 
At a constant diode bias voltage, the circuit. output noise 
power was first measured for increasing values of the photocurrent. 
The value of the photocurrent was changed by increasing the 
intensity of the laser light. Thus, for each photocurrent 
setting, the applied voltage V had to be changed to keep the diode 
bias voltage constant. V has to satisfy the relation, 
I = {V - Vd) I RL, 
where I was the measured photocurrent, V was the applied bias 
voltage, Vd is the diode bias voltage, and RL is the resistor in 
series with the diode. 
The measurement procedure was repeated for different values of 
diode gain. At a constant gain, the output noise power is a 
function of the mean square diode current, 
< i 
2 
> = 2 * q * I p0 * M2 * F ( M) * B 
where I~ is the primary photocurrent, M is the diode gain, q is 
the coulomb charge, B is the equivalent noise bandwidth, and F{M) 
is the excess noise for a gain M. 
If Ze is the equivalent circuit impedance, the output noise 
power measured was proportional to < i 2 > * Ze. All the measured 
values fall on a line which has a slope equal to P over Iph with 
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where F is the excess noise factor for a gain M, and Ze is the 
circuit equivalent noise bandwidth. When the diode has no gain, 
the mean square diode current becomes equal to the well known shot 
noise equation, 
< i 2 > = 2 * q * Ip0 * B 
and the ratio of P (Vd,M) over Iph becomes 
P(Vd,l) = 
!ph 
< i2 > * IZ 12 
---=----e- = 2 * q * B * 1Zel 2 *A 
IpO 
From the previous equations, the excess noise factor F(M) is 
defined by the relation 
F(M) = P(Vd,M) * Ip0 * _! 
!ph P(Vd,M) M 
To verify the measurement accuracy, the experimental value of 
P (Vd,l) over Ipo is compared to its theoretical value 2 * q * B 
* Z2e with Ze, the equivalent circuit impedance defined by 
where ZA is the preamplifier input impedance, ZAc is the impedance 
of the coupled capacitance, R0 is the resistance of the diode, and 
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Zen is the capacitance of the diode. When Zen is higher than 2 Pf 
and changes with the diode bias voltage, Ze also changes. Thus an 
accurate knowledge of the photodiode C-V characteristic becomes 
necessary as the calculation of F(M) will have to take into account 
the change of Ze. 
C. Quantum Efficiency Measurements 
The quantum efficiency is defined as the number of 
electron-hole pairs generated per incident photon and, thus, is the 
quantity used to evaluate the sensitivity of the photodiode. The 
quantum efficiency, nL, is by definition 
t'J = ( I PI q) I ( Pop/ h V ) 1 
where IP is the photogenerated current by the absorption of 
incident optical power, P0~, at a wavelength, (corresponding to a 
photon energy hi). In these studies the optical power was measured 
using a calibrated silicon model 818-ST detector from Newport. The 
optical power, P0~, was measured at a low diode bias voltage, so 
that the current was still unmultiplied. The quantum efficiency t'J 
was then calculated using the previous equation. 
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